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1. INTRODUCTION
Evolution of  antenna complexes for X and 
Ku-band satellite communication systems 
and radars is attributed to application of  

different printed radiating patches featuring 
multi-polarization mode of  operation, 
wide-band matching, small dimensions, etc. 
Design and analysis of  the wide-band printed 
patches is covered in many publications [1-
6]. Small sizes, ease of  manufacturing and 
ability to effectively control performance of  
the patches make it possible to use them as 
a basis for highly capable antenna systems 
that can fulfill constantly increasing modern 
requirements. Besides achieving quality 
power and radiating features, production 
of  antenna systems that utilize printed 
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Abstract: Based on the developed dual-polarization module in the form of  a four-element array 
of  printed patches, solutions for two antenna systems of  X and Ku bands are implemented. 
The parabolic reflector antenna for Ku-band satellite communication systems with the 
feeder in the form of  the four-element array of  printed patches with switchable linear 
polarization is investigated. The feeder forms axisymmetric radiation with high-quality 
linear polarization in the wide frequency band. The reflector antenna with the aperture 
diameter of  1.2 m in the Ku range is characterized by a gain of  39-41 dBi. The antenna array 
for the X-band radar made on the basis of  modules of  printed patches four-element arrays 
with switchable linear polarization is investigated. The antenna array is characterized by 
scanning sectors of  70° and 65° in orthogonal planes. The presented parabolic antenna 
and antenna array are intended for use as part of  radio-electronic complexes installed on 
moving objects.
Keywords: printed antenna, reflector antenna, phased-array antenna, satellite communication, 
radar antenna
UDC 621.372
For citation: Vladislav V. Golovin, Yury N. Tyschuk, Igor L. Afonin, Alexander L. Polyakov, 
Gennady V. Slyozkin. Dual-polarization arrays of  wide-band printed radiating patches for 
operation in X and Ku-bands. RENSIT: Radioelectronics. Nanosystems. Information technologies, 
2022, 14(1):3-10. DOI: 10.17725/rensit.2022.14.003.

RADIOELECTRONICS



4

No. 1 | Vol. 14 | 2022 | RENSIT: Radioelectronics. Nanosystems. Information technologies

patches enables to implement additional 
requirements to aerodynamics, mechanical 
integrity of  the antenna system framework, 
etc. Therefore, this field is still up-to-date 
and is of  practical importance. We have 
also presented designs of  dual-polarization 
four-element modules of  wide-band printed 
patches as well as antenna arrays built using 
them [7-9]. Printed patches are fed through 
probes. Distinct features of  the printed 
patch modules presented in [8,9] are the 
shape of  the squared patch corners and 
use of  passive metal superstructures of  the 
same complex shape. Also presented below 
are the following feeding arrangements for 
the patches: differential feeding of  pairs of  
patches to ensure two linear polarizations 
and two-phase feeding of  patches to produce 
two circular polarizations [8,9]. Suggested 
design of  the patch module makes it possible 
to ensure quality polarization within a wide 
band while maintaining axially symmetrical 
radiation with relatively steady gain.

Obtained results made it possible to use 
the developed module for solving a vast 
number of  practical problems. This paper 
outlines antenna system designs that utilize 
the module of  patches and its modifications 
that we have developed. Performance 
calculations have been performed using a 
dedicated electrodynamic CAD system with 
built-in Method of  Moments and Physical 
Optics Method.

Section 2 of  this paper describes a parabolic 
reflector antenna for Ku-band satellite 
communication which uses a four-element 
array of  radiating patches with dual linear 
polarization as its feeding antenna.

Section 3 presents dual-polarization 
antenna array of  radiating patches for X-band 
radars for sector scanning in both elevation 
and azimuth planes.

2. KU-BAND PARABOLIC 
REFLECTOR ANTENNA
VSAT systems are widely used on land-
based and marine moving objects for 
communication, television broadcasting, 
etc. Onboard VSAT system complexes 
often include parabolic reflector antennas. 
Improvements in this type of  antennas are 
mostly dependent on the development of  the 
feeding system which can enhance certain 
parameters of  the reflector antenna [10-12]. 
Printed antenna and their arrays featuring 
small overall and transverse dimensions 
are considered among others to be used as 
feeding antennas [13].

First, we will look at a small-sized squared 
four-element array of  the printed patches [8] as 
a feeding antenna for VSAT parabolic reflector 
antenna.

Fig. 1 shows a model of  the printed patch 
array.

Parameters of  the substrate dielectric: 
dielectric constant is 2.4, dielectric dissipation 
is 0.001, substrate thickness is 1.5 mm.

Each of  the patches includes two feeding 
points, i.e. two ports (Fig. 2) which make it 
possible to produce two linear orthogonal 
polarizations in the four-element module.

We will then analyze feeding layouts 
producing different field polarizations of  the 
array as shown in Fig. 2. Linear polarizations 

VLADISLAV V. GOLOVIN, YURY N. TYSCHUK, IGOR L. AFONIN, 
ALEXANDER L. POLYAKOV, GENNADY V. SLYOZKIN

Fig. 1. Model of  the feeding antenna: (a) top view and (b) 
side view.

                     a                                       b
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are produced for port groups with antiphase 
feeding as follows:
— group 1: ports 1 and 4
— group 2: ports 5 and 8
— group 3: ports 2 and 7
— group 4: ports 3 and 6

Red color in Fig. 2 denotes ports of  groups 
with 0º initial current phase, yellow color 
— ports of  groups with 180º initial current 
phase.

Such patch feeding layout ensures high 
symmetry of  the radiation pattern and cross-
polar radiation of  no more than – 48 dB across 
the entire antenna bandwidth.

To improve matching within a wide 
frequency band, the feeding antenna has been 
modified to include passive superstructures 
placed above the patches at a height of  3 mm 
(Fig. 1b).

Inactive ports of  the patches are connected 
to the matched load.

Therefore, the feeding antenna can be 
produced in two options: (1) simplified option 
including one type of  linear polarization 
and (2) options with two switching linear 
polarizations.

Next we will analyze performance of  
the printed patch array. Fig. 3 shows a 3D 
normalized radiation pattern (RP) of  the array 
at 10.7 GHz frequency for the main radiation 
polarization.

Within 10.7 to 12.7 GHz band, RP of  
the patch array in E-plane and H-plane 
features main lobe beamwidth varying from 
52° to 60°. Side-lobe radiation level does 
not exceed –27 dB. Cross-polar radiation is 
below –48 dB. The gain is within 10.5 to 
11.5 dBi. SWR at active ports ranges from 
1.2 to 1.45.

Within 13.7 to 14.5 GHz band, RP of  the 
patch array in E-plane and H-plane features 
main lobe beamwidth of  about 44°. Side-lobe 
radiation level does not exceed –12 dB. Cross-
polar radiation is below –48 dB. The gain is 
around 12 dBi. SWR at active ports ranges 
from 1.05 to 1.25.

Now we will analyze a model of  axially 
symmetrical parabolic reflector antenna that 
utilizes a developed printed patch array as a 
feeding antenna.

Parameters of  the parabolic reflector are 
as follows: 1.2 m diameter and 0.6 m focal 
distance.

Given pattern characteristics of  the 
feeding antenna, in the reflector aperture 
there will be produced an amplitude 
distribution that will decrease from the 
center towards the edges of  the aperture 
and form a pedestal at the reflector edge 

Fig. 2. Layouts for producing two linear polarizations.

Fig. 3. 3D normalized radiation pattern of  the array at 
10.7 GHz and main radiation polarization.

RADIOELECTRONICS DUAL-POLARIZATION ARRAYS OF WIDE-BAND PRINTED 
RADIATING PATCHES FOR OPERATION IN X AND Ku-BANDS
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of  0.1 to 0.2 of  the maximum value in the 
axial direction (along the focal axis of  the 
reflector).

Now we will analyze performance of  the 
reflector antenna that utilizes the developed 
four-element array of  the printed patches as a 
feeding antenna in 10.7 to 12.7 GHz band.

Fig. 4 shows a RP of  the reflector 
antenna in E-plane at 10.7 GHz frequency. 
Since RP of  the printed patch array has 
almost the same width in E and H-planes, 
thus the RPs of  the reflector antenna in the 
main planes are nearly identical. Within the 
bandwidth, the beamwidth of  the main lobe 
varies from 1.5° (10.7 GHz) to 1.3° (12.7 
GHz). Side-lobe radiation does not exceed 
–29 dB (10.7 GHz) and –33 dB (12.7 GHz). 
On-axis ellipticity is –56 dB (10.7 GHz) and 
–57 dB (12.7 GHz). The gain is about 40 to 
41 dBi.

Now we will analyze performance of  the 
reflector antenna in 13.7 to 14.5 GHz band. 
Fig. 5 shows RP of  the reflector antenna in 
E-plane at 14.5 GHz frequency.

RPs of  the reflector antenna in the 
main planes are nearly identical. Within the 
bandwidth, the beamwidth of  the main lobe 
varies from 1.3° (13.7 GHz) to 1.2° (14.5 
GHz). Side-lobe radiation does not exceed 
–36 dB (13.7 GHz) and –37 dB (14.5 GHz). 
On-axis ellipticity is –44 dB (13.7 GHz) 
and –41.5 dB (14.5 GHz). The gain is 40.5 

dBi (13.7 GHz) and 39 dBi (14.5 GHz). 
Decrease in the gain at 13.7 to 14.5 GHz 
band is attributed to the decreased ellipticity 
ratio due to the slight increase in the cross-
polar radiation.

3. PHASED-ARRAY ANTENNA FOR 
X-BAND RADAR
Some civil and military vehicles are equipped 
with mobile radar systems for scanning 
the surroundings, parking assistance [14], 
monitoring, movement detection, object 
tracking, navigation, etc. Among the variety 
of  mobile radar systems, we will focus on 
long-range systems [15]. These installations 
can be divided into two groups: for all-round 
or sector scanning. In some cases, all-round 
scanning is achieved by using multi-segment 
antenna systems, with each of  the segments 
being an antenna subsystem covering a 
certain sector of  a surrounding area [16,17]. 
Number of  such segments can be 3, 4 and 
more [18].

Long-range radars operate in 8.5 to 10 GHz 
band (X-band).

Summarized below are the results of  
development of  an X-band phased-array 
antenna with switching linear polarization 
and sector scanning in elevation and azimuth 
planes. Based on the above considerations, 
we are proposing a model of  the printed 
patch module as shown in Fig. 6.

RADIOELECTRONICSVLADISLAV V. GOLOVIN, YURY N. TYSCHUK, IGOR L. AFONIN, 
ALEXANDER L. POLYAKOV, GENNADY V. SLYOZKIN

Fig. 5. RP of  the reflector antenna in E-plane at 14.5 GHz 
frequency.

Fig. 4. RP of  the reflector antenna in E-plane at 10.7 
GHz frequency.
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There is one feeding port for each patch. 
For each of  the orthogonal linear polarizations 
in question there is a dedicated pair of  patches 
in the module that are feed through the ports 
as follows:
— ports 1 and 2 are fed in antiphase — linear 
polarization 1
— ports 3 and 4 are fed in antiphase — 
linear polarization 2 being orthogonal to 
linear polarization 1

Below are the parameters of  the substrate 
dielectric: 
— dielectric constant: 3.3
— dielectric dissipation:  0.0001
— substrate thickness: 1.5 mm

Dimensions of  patches (in mm) are shown 
in Fig. 6a.

Selected bandwidth is from 8.5 to 
10 GHz. With that, the gain of  the 
module is from 7.5 to 8.5 dBi. Module’s 
radiation exhibits insignificantly changing 
directional properties, with RP being 
narrower in E-plane compared to H-plane. 
Polarization of  the radiation field is 
linear with relative level of  the cross-
polar radiation not exceeding –30 dB.  
Impedance of  the module at active ports 
is close to 50 Ohm and matching quality 
within the bandwidth demonstrates SWR 
of  no greater than 1.35.

Model of  the phased-array antenna 
(PAA) developed by us is shown in Fig. 7. 
Overall dimensions of  the patch array are 
970 by 180 mm. Number of  modules in the 
array is 223.

Performance of  the PAA in axial radiation 
mode is analyzed below.

Main lobe beamwidth varies as follows:
— in E-plane (vertical): from 10.4° (10 GHz) 
to 12.3° (8.5 GHz);
— in H-plane (horizontal): from 1.7° (10 GHz) 
to 2° (8.5 GHz).

Side-lobe levels vary as follows:
— in E-plane: from –16.3 dB (10 GHz) to –17 
dB (8.5 GHz);
— in H-plane: –13.4 dB (8.5 to 10 GHz).

The gain is from 32 to 32.5 dBi. On-axis 
ellipticity does not exceed –36 dB.

RP of  PAA at 9 GHz frequency is shown in 
Fig. 8.

The following results have been obtained 
from the analysis of  PAA’s RP at a scanning 
angle of  35° in the horizontal plane.

Beamwidth of  the main lobe in the H-plane 
varies from 2.5° (8.5 GHz) to 2.1° (10 GHz). 
Side-lobe radiation in H-plane is from –12.9 
dB (8.5 GHz) to –13.4 dB (10 GHz). The gain 
is about 32 dBi throughout the bandwidth. 
The gain is about 32 dBi throughout the 

                     a                                       b
Fig. 6. Model of  radiating patch module: top view (a) and 

detailed view from the bottom.

RADIOELECTRONICS DUAL-POLARIZATION ARRAYS OF WIDE-BAND PRINTED 
RADIATING PATCHES FOR OPERATION IN X AND Ku-BANDS

                                     a

                                    b
Fig. 7. Printed patch array (a) and its model in CAD 

system (b).
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bandwidth. Grating lobe at 10 GHz does not 
exceed –24 dB. Polarization performance has 
not degraded.

The following results have been obtained 
from the analysis of  PAA’s RP at a scanning 
angle of  32.5° in the vertical plane.

Beamwidth of  the main lobe in the E-plane 
varies from 13.5° (8.5 GHz) to 15.5° (10 
GHz). The gain is about 32 dBi throughout 
the bandwidth. Side-lobe radiation is from 
–12 dB to –10 dB. Ellipticity ratio is below 
–35 dB. 

Fig. 9 shows RP of  the PAA at 9 GHz 
at a scanning angle of  35° in the horizontal 
H-plane and 32.5° in the vertical E-plane.

4. CONCLUSION
Several options for the design of  Ku-band 
VSAT parabolic reflector antenna and patch 
panel for the X-band radar’s phased-array 
antenna have been elaborated based on the 
dual-polarization wideband module of  the 
printed patches [8, 9] as proposed by the 
authors.

It has been suggested to use a four-element 
array of  the printed patches demonstrating 
quality input and polarization characteristics 
in 10.7 to 14.5 bandwidth as a feeding 
antenna for the parabolic reflector antenna. 
Small transverse dimensions of  such feeding 
antenna offer little obscuring of  the aperture 
with axially symmetric positioning of  the 
feeding antenna. With that, the parabolic 
antenna demonstrates relatively high aperture 
efficiency. Such antenna system can effectively 
employed in mobile satellite communication 
systems.

The developed small-sized dual-
polarization phased-array antenna 
comprising of  the printed patches ensures 
scanning within 70° sectors along the major 
axis of  the patch array and 65° along the 
minor axis of  the patch array. Using this PAA 
it is possible to make a multi-beam antenna 
system that would ensure multi-beam 

RADIOELECTRONICSVLADISLAV V. GOLOVIN, YURY N. TYSCHUK, IGOR L. AFONIN, 
ALEXANDER L. POLYAKOV, GENNADY V. SLYOZKIN

Fig. 9. RP of  the PAA at 9 GHz at a scanning angle of  35° in the horizontal H-plane (a) and 32.5° in the vertical 
E-plane (b).

                                     a                                                                                 b

Fig. 8. Axial RP of  PAA at 9 GHz frequency.



9

RENSIT: Radioelectronics. Nanosystems. Information technologies | 2022 | Vol. 14 | No. 1

coverage within the required sector in the 
azimuth plane (e.g. azimuth sector of  180° 
is fully covered by the three PAA). Such 
multi-beam antenna system can be used as 
part of  radar systems onboard land-based 
or marine moving objects.
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Abstract: In conditions when the signals of  satellite navigation systems are unavailable or 
distorted, the receiver positioning task could be solved by local positioning system with an 
integrated data transmission channel. However, when such a system operates in various 
environments, a lot of  multipath signals might appear, which strongly distort delay and 
phase measurements, on the basis of  which the receiver coordinates are calculated. The 
accuracy of  measurements can be significantly increased by introducing measurement 
redundancy by using the signal reflection properties and increasing the tracking channels 
on the receiver. In this article, a technique is proposed for creating and using the redundancy 
of  phase measurements, as well as the phase derivatives differences of  the local positioning 
system signals. This technique is based on the effects of  signal reflection. An algorithm is 
proposed for estimating the intensity of  the relative acceleration of  a moving object, which 
makes it possible, using the threshold method, to switch between receiver channels at the 
moments when abnormal spikes appears because of  the influence of  a multipath signal 
propagation channel. An algorithm for smoothing transitions between antennas is also 
proposed using cubic spline interpolation. The obtained methods and algorithms, using 
two receiving antennas with a single phase center, make it possible to exclude about 80% of  
spikes caused by multipath effects from estimates of  the relative velocity of  a moving object, 
and also provide a basis for developing more advanced methods for using redundancy and 
further research in this area.
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1. INTRODUCTION
Currently, an urgent task is to solve the 
problem of  positioning in conditions when 
the signals of  satellite navigation systems 
are unavailable or distorted. As a rule, in 
such cases, a local positioning system (LPS) 
is deployed in a certain area or in a room 
[1]. However, when such a system operates 
indoors, at mining, or in other difficult 
conditions, a lot of  multipath signals arise, 
which greatly distort the measurements, on 
the basis of  which the receiver coordinates 
are calculated. It was shown in [1] that 
the introduction of  redundancy into 
the system can significantly improve the 
location accuracy. This article describes 
in more detail the method of  using 
redundancy implemented in [1], as well as 
a new more efficient method is proposed 
and its characteristics are analyzed based 
on the records of  LPS operation in the 
hangar.

2. THE PROBLEM OF MULTIPATH 
DURING OPERATION
As a rule, the receiver operation algorithm in 
LPS is divided into two stages:
1. First, the object must remain 

stationary for a while to estimate the 
current location. Or it is possible to 
set the object to a point with known 
coordinates. This point is considered 
the starting point.

2. Next, the receiver implements 
tracking of  the phase of  the signals 
of  the LPS transmitters, by which it 
is possible to calculate the change in 
the coordinates of  the object. As a 
rule, for the implementation of  this 
task, the difference-range method of  
location is used. The features of  the 

construction and operation of  the 
LPS are described in more detail in 
[1].
The first stage is a separate research 

task, so for the moment we will focus on 
the second stage. When implementing 
this stage, a situation often arises when 
at the receiver input, in addition to the 
direct signal of  a certain transmitter, a 
lot of  re-reflected signals appear, which 
strongly distort the estimate of  the phase 
of  the direct signal. In this case, as a 
rule, signal reflections come from objects 
of  various shapes and sizes, which have 
complex reflection characteristics, which 
makes it difficult to analytically synthesize 
algorithms for combating the effects that 
cause reflected signals in a phase-locked 
loop (PLL) and a delay-locked loop 
(DLL). 

Therefore, the main research 
methods in the work are experiments 
in real conditions and simulation based 
on the records obtained during the 
experiments.

Let us further consider two main theses 
that form the basis of  the proposed method 
for combating multipath in LPS.

First, based on the works [2-5], we can 
confidently judge that when a signal with a 
limited band falls on an object of  complex 
shape, the harmonics of  the reflected 
signal have different frequencies, phases, 
amplitude and polarization than harmonics 
in a direct signal, and these parameters 
will depend on the characteristics of  the 
object and the properties of  the signal 
itself.

Secondly, it is known that there are 
three types of  diversity used to improve 
the quality of  communication systems in 
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difficult conditions [6-9]: in frequency, in 
time and in space (or polarization). Thus, 
using the properties of  signal reflection, as 
well as several diversity options at the LPS 
transmitter, it is possible to increase the 
order of  measurement redundancy at the 
receiver.

For example, in the simplest case, one 
signal is generated from one transmitter 
antenna. Then one tracking channel in 
the receiver is used to receive it. With the 
use of  two antennas on the transmitter, 
as well as radiating at two frequencies 
at each of  them, it is already possible to 
obtain 4 independent tracking channels 
on the receiver for one transmitter. In this 
case, you can go further and implement 
diversity reception at the receiver by 
installing two independent antennas. 
Thus, the number of  channels involved, 
operating independently on input signals, 
will increase to 8, which is already a 
fairly large order of  redundancy. Let us 
further consider in more detail the main 
theoretical features of  signals under such 
conditions.

3. MAIN THEORETICAL ASPECTS 
OF LPS WITH MEASUREMENT 
REDUNDANCY
As a rule, indoors or on a terrain 
containing many different structures, the 
number of  reflected signals at the input 
of  the receiving antenna is in the tens 
[10]. For a general understanding of  the 
processes occurring with the resulting 
signal at the antenna input, we first turn 
to a simplified model, when in addition 
to the direct signal there is one reflected 
signal on the air (Fig. 1). The figure shows 
an LPS implementation containing N 
transmitters operating with time division. 

At a given time slot, the transmitter signal 
Tx 1 begins to radiate. The signal arriving 
at the antenna of  the Rx receiver is called 
the direct signal (LOS – Line-of-Sight) A, 
which is most subjected to only attenuation 
during propagation in space and carries 
useful information about phase to be used 
for positioning. In addition to signal A, 
the input of  the receiver Rx also receives 
the reflected signal B, which appeared as a 
result of  the fall of  the transmitter signal 
Tx 1 on a surface of  complex shape or 
otherwise – the target.

When considering the vector 
diagram of  the received signals, it can 
be seen that the reflected signal B has a 
different phase and amplitude than the 
direct signal A, which causes distortion 
of  the resulting signal C. As a result of  
this effect, the PLL loop discriminator 
[1] will generate an error signal Δφ at 
the output (Fig. 2). Thus, a dynamic 
tracking error will appear in the loop 
and the measurements will be distorted.

Let us further consider the diversity 
methods applicable to the LPS operating 
with the time division of  the transmitter 
signals.

RADIOELECTRONICS

Fig. 1. Simplified signal reflection diagram.
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3.1 polarization diversity

Let us turn to the mechanism of  reflected 
signal formation. The book [5] introduces 
the concept of  the target's own polarization. 
When a target is irradiated with a wave 
whose polarization coincides with one of  
the target's own polarizations, the shape and 
orientation in space of  the scattered wave 
polarization ellipse will coincide with the 
corresponding parameters of  the irradiating 
wave. In this case, the directions of  rotation 
of  the field vectors will be opposite when 
both waves are observed from the side of  
the target or the antenna, and coinciding 
when observed along the normal to the front 
of  each wave. If  one of  the modules of  
reflection coefficients for eigenpolarizations 
is greater than the other, then it determines 
the polarization at which the value of  the 
power flux density of  the reflected wave will 
be maximum. A case is possible when the 
wave polarization does not coincide with 
any of  the target's own polarizations. Then, 
in the target's own basis, any wave can be 
expanded in terms of  its own polarizations. 
The target's own basis has the advantage that 

it can be used to most simply represent the 
polarization transformation when the wave 
is reflected from the target.

Thus, the action of  the scattering 
matrix in its own basis is equivalent to 
multiplying each of  the components of  
the irradiating wave by some complex 
factor [5]. We can say that the target 
scattering operator amplifies or attenuates 
the components that coincide with the 
target's own polarizations, and the gain 
or attenuation coefficients are generally 
complex and different for different vectors 
of  the target's own basis. After addition, 
the enhanced or attenuated components 
parallel to the vectors of  their own basis 
add up to the complex vector of  the 
reflected wave, which differs from the 
complex vector of  the irradiating wave.

From the foregoing, we can draw 
an important conclusion from a 
practical point of  view: when signals are 
emitted from two antennas of  different 
polarization, the reflected signals will also 
have different polarization and will have 
a different effect on the resulting signal 
at the receiver input (Fig. 3). It can be 
seen that situations are possible when the 
reflected signal of  antenna 1 has a much 
greater effect on the operation of  the 

FEDOR B. SERKIN RADIOELECTRONICS

Fig. 3. Resulting signals using antennas with 
orthogonal polarization.

Fig. 2. Influence of  reflection on PLL.
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PLL loop discriminator than the reflected 
signal of  antenna 2. However, it should be 
noted that the behavior of  these signals 
will mainly be determined by the objects 
from which the LPS signals are reflected, 
and in different rooms, the behavior of  
the signals will also be different.

Next, imagine that the receiver is 
moving at some speed, and the targets 
are objects of  complex shape. In this 
case, the reflection characteristics will 
constantly change: new reflected signals 
will appear, old ones will disappear. In 
this case, since reflections will occur each 
time from different simplified targets, 
then the own bases of  these targets will 
be different, and, as a result, the effect on 
the resulting signal will also be different 
each time.

There is an important remark to be 
made next. It is obvious that if, with such 
a behavior of  the reflected signals, their 
influence on the resulting signals turns 
out to be uncorrelated with each other, 
then using some mechanism for switching 
between signals coming from different 
transmitter antennas, it is possible 
to minimize the effect of  multipath. 
However, in reality, the magnitude of  
the correlation will be determined by 
the characteristics of  specific targets or 
objects in the room.

It is obvious that one more practically 
significant conclusion can be drawn 
from the above: this mechanism of  using 
polarization is also applicable to the 
receiver. Let us assume that the signal 
from the transmitter is emitted from one 
antenna, and is received independently on 
two receiving antennas with a single phase 
center (Fig. 4).

Since the transmitter and receiver 
antennas, when considered in a single 
basis, do not always have the same 
polarization, since. the receiver can 
move along any trajectories, including 
inclined ones. In this case, one reflected 
signal with some polarization distorted 
relative to the transmitter will arrive at 
the receiving antennas. In this case, it 
is also not difficult to see that its effect 
on receivers connected to antennas of  
different polarization will also be different 
and will obey the same laws as described 
above for purposes.
3.2 frequency diversity

Above, the mechanisms of  signal reflection 
were considered on the basis of  the 
radar approach. The frequency diversity 
method can be conveniently described 
using an analysis of  the characteristics of  
the propagation channel characteristic of  
wireless information transmission systems. 
It is known [6] that the signal propagation 
channel has a certain frequency correlation 
interval, which is determined by the nature 
of  the movement of  the object, as well as 
by the set of  reflecting objects that generate 
reflected signals. Obviously, the separation 
of  the transmitter signals in frequency by 

RADIOELECTRONICS

Fig. 4. Signal reception on two independent antennas 
with same phase center.
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values larger than the correlation interval will 
allow, using some mechanism for switching 
between signals, to minimize the effect of  
multipath. To explain this mechanism for 
two moments of  time t1 and t2, such that (t2 
– t1) > dt, where dt is the correlation interval 
of  the channel frequency response over 
time, below are estimates of  the channel 
frequency response, and the spectra of  
emitted signals are shown relative to it 
(Fig. 5). Red in the figure indicates a signal 
whose carrier phase estimate is used for 
positioning. It can be seen that at time t1, the 
dip in the channel's frequency response falls 
on the signal at frequency f1, while the signal 
at f2 is practically undistorted. At time t2, the 
situation is reversed.

4. MATHEMATICAL DESCRIPTION 
OF THE SWITCHING MECHANISM 
BETWEEN CHANNELS
When implementing the switching 
mechanism between channels, from 
a practical point of  view, it does not 
matter which method the redundancy 
is implemented. Let us consider the 
algorithm for switching between channels 
for the case when the receiver in the LPS 
operates at the second stage of  operation, 
namely, it determines the increment 

of  local coordinates. In this case, to 
implement the difference-range method, it 
is necessary to calculate the estimates of  
the difference in increments of  the total 
phases of  coordinates for three pairs of  
LPS transmitters. Assume that redundancy 
is implemented using polarization diversity 
at the receiver.

In Fig. 6, you can see how the signals 
emitted by the transmitters Tx 1 and Tx 
3 were reflected from the surface of  a 
complex shape and arrived at the antennas 
of  the Rx receiver.

Fig. 7 shows vector diagrams of  the 
resulting signals at various receiving 
antennas. It can be seen that the effect 
on the PLL loop is different, while on 
antenna 2 it is noticeably less than on 
antenna 1.

FEDOR B. SERKIN RADIOELECTRONICS

Fig. 6. LPS functioning.

Fig. 7. Vector diagrams.

Fig. 5. Frequency division multiplexing.
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Fig. 8 shows a diagram of  the operation 
algorithm for one difference in phase 
increments of  the carrier frequency of  the 
signals of  a pair of  transmitters. The resulting 
signals M and C are fed to the inputs of  the 
correlation receivers of  these signals. Based 
on the results of  the work, these receivers 
give estimates of  the total phase of  signals A 
and D. Further, in blocks and, the increment 
of  these estimates and the difference 
between them are calculated. Thus, the 
difference in increments of  estimates of  the 
total phases of  the signals of  transmitters A 
and D for antenna 1 is obtained. Similarly, 
the difference in increments of  estimates of  
the total phases of  the signals of  transmitters 
A and D for antenna 2 is calculated. These 
differences are then recalculated into 
estimates of  relative velocities ν1 and ν2 in 
blocks and, respectively.

Based on these values, an increment 
is calculated, which is an estimate of  
the relative acceleration, and then, 
squaring the obtained values, one 
can obtain estimates of  the relative 
acceleration intensity for antennas 1 and 
2, respectively. Based on the admissible 
motion dynamics of  the object, it is 

further possible to set a threshold for 
the decision device, which, when the 
relative acceleration intensity estimate 
is exceeded, switches between the 
antennas, forming a solution for the 
evaluation selection block. Phase 
increments between antennas can 
behave in different ways, causing jumps 
at the moments of  switching between 
antennas.

To combat this, a corrective algorithm, 
such as 3rd order cubic interpolation, 
can be used for antenna transitions. The 
polynomial for such an interpolation 
can be represented as follows:
f(x) = a(x – x1)

3 + b(x – x1)
2 + c(x – x1) + d,

where [x, x1] is the interpolation interval, a, b, 
c, d are the polynomial coefficients.

The final corrected values of  increment 
differences are fed to the output of  the 
algorithm for the subsequent calculation 
of  coordinate increments.

5. EXPERIMENTS AND 
SIMULATION
To test the stated hypotheses about the 
behavior of  signals in the hangar, as well as 
to study the characteristics of  the proposed 

Fig. 8. Antenna switching algorithm for local coordinates calculation.
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algorithms for switching between channels, 
a part of  the LPS was deployed. Two 
transmitters Tx 1 and Tx 2 were installed 
on the wall at different angles, emitting LPS 
signals. The PC computer is connected by 
wires to the transmitters: implements control 
and synchronization. The Rx receiver is 
located on a movable object and moves in a 
circle of  constant radius in the middle of  the 
hangar.

The scheme of  the experimental setup 
is shown in Fig. 9. Such a setup made it 
possible to evaluate the characteristics of  the 
estimates of  the total phase of  the signals of  
the transmitters, as well as the differences in 
the estimates of  the total phase of  the signals 
of  two transmitters. An increase in the 
redundancy of  measurements was achieved 
by installing two independent antennas on the 
receiver, from each of  which the signal was 
recorded synchronously and independently.

Further, the recorded data were fed to 
the tracking algorithms described in [1] 
using simulation modeling. The result of  
the tracking algorithms was the estimation 
of  the total phase of  the signals during 
the experiment. The estimate data was 
then processed by an algorithm using the 
presence of  redundant measurements, which 
produced corrected values. The results of  the 
proposed switching algorithms are shown in 

Figs.  10, 11 for the case when the antennas 
are installed vertically, as well as in Figs. 12, 
13 for the case when the antennas are installed 
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Fig. 10. Acceleration intensity estimate.

Fig. 11. Relative speed estimates.

Fig. 12. Estimate of  relative acceleration intensity.

Fig. 13. Relative speed estimates.Fig. 9. Experiment scheme.
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horizontally. In both cases, the antennas are 
two vibrators with a single phase center and 
90 degree angles between them.

The number of  excluded jumps in 
the intensity of  relative acceleration 
can be considered the main indicator 
of  the efficiency of  the algorithm: For 
vertically mounted antennas, the number 
of  excluded peaks was ~78%, for the 
case of  horizontally mounted antennas, 
~83%. Also in fig. 11 and 13, one can 
see a significant reduction in the amount 
of  emissions in the relative velocity 
estimate.

6. CONCLUSION
In this article, based on well-known 
theoretical effects, a method is proposed 
for creating and using redundancy in 
measurements of  the estimation of  the 
total phases, as well as the difference 
in the increments of  the total phases 
of  signals from transmitters of  local 
positioning systems. An algorithm for 
estimating the intensity of  the relative 
acceleration of  a moving object is 
proposed, which makes it possible, using 
the threshold method, to switch between 
the receiver channels at the moments 
when anomalous jumps characteristic 
of  the influence of  a multipath signal 
propagation channel are recorded. An 
algorithm for smoothing transitions 
between antennas is also proposed, using 
cubic spline interpolation.

In general, using the described methods 
and algorithms, using two receiving antennas 
with a same phase center, it was possible 
to exclude about 80% of  jumps caused by 
multipath effects from estimates of  the 
relative velocity of  a moving object.

These algorithms provide a basis for the 
development of  more advanced methods for 
using redundancy, as well as further research 
in this area.
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Abstract: The article considers the transformation of  the back-projection method 
(focusing) for recovering geometry from the knowledge of  the scattered field received 
with a multi-static radar system (multi-static radio hologram). It is shown that it 
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1. INTRODUCTION
By now, there have been many studies devoted 
to the general working principles and the 
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theory of  building radio images of  objects 
based on a new method of  multi-static radio 
holograms (MRH) [1-5]. This method is 
radically different from an earlier method of  
classical radio holograms (CRH) [6,7].

The qualitative difference between the 
MRH and CRH methods is the following. 
For the CRH method, two stationary 
equidistance two-dimensional or scanning 
linear antenna arrays comprised of  receiver-
transmitter elements are used. To remove 
diffraction maximums in the radio image 
reconstructed using the CRH method, the 
placement spacing of  receiver-transmitter 
elements in the antenna array must be around 
half  the working wavelength. So, to obtain 
the required resolution of  a focused radio 
image, which is dependent upon the CRH 
registration area, more receiver-transmitter 
elements in the antenna array are required. 
The number of  independent samples of  the 
diffraction field is equal to the number of  
receiver-transmitter elements.

Unlike the CRH method, the MRH 
method can utilize a sparse antenna array 
comprised of  separated transmitter and 
receiver elements distributed on it. In the 
MRH method, the spatial samples of  the 
electromagnetic field diffracted on the 
object are obtained for all possible bi-static 
combinations of  receivers and transmitters. 
The number of  independent samples of  the 
field is equal to the product of  the number 
of  receivers and transmitters and can be 
around the number of  field samples in the 
CRH method. Additional enhancement of  
the radio image quality for 3D objects in 
the CRH and MRH methods is achieved 
by using multi-frequency radiation [4,5]. 
For the same number of  independent 
field samples, equal image resolution, 

and quality, the MRH has a number of  
advantages in the total number of  antenna 
array elements over the CRH method. So, 
for using a scanning linear antenna array, 
the element number gain can be more than 
ten [3].

For the CRH method, the 2D FFT 
algorithm is the conventional focusing 
algorithm [6,7]. However, for focusing 
MRH, only the method of  inverse 
projections has been used until recently 
due to the non-equal spacing of  bi-static 
field samples [8]. The method of  inverse 
projections is computationally intensive, 
even more so for focusing MRH. 
Therefore, to find a fast MRH focusing 
algorithm, we consider the transformation 
of  the method of  inverse projections to 
the form of  2D non-equidistant DFT 
(NDFT) [4,9].

In this paper, for a specific configuration 
and parameters of  a system for registering 
MRH, an example of  focusing a multi-
frequency MRH and obtaining a radio 
image based on the algorithm inverse 
projections and it’s transformation for a 
simulated flat multi-point object is given.

2. MATERIALS AND METHODS
2.1. focusinG of the mrG by the method 
of the sum of inverse projections

The basics of  the theory of  focusing a radio 
hologram using the method of  the sum 
of  inverse projections in the problems of  
MRH were presented in [1]. In this study, 
a multi-frequency MRH is considered. In 
this case, the complex correlation integral
( )0Q r  whose module ( )0Q r  is the radio 

hologram of  the object is given by:

( )0 0 0 ,
0 0 0

2exp ,
t rN N L

tn rk n k
n k l l

Q j Vπ
λ= = =

 
 = − + −  

 
∑∑∑r r r r r   (1)
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where c is the speed of  propagation of  
electromagnetic waves, and ,n kV  is the 
complex MRH count for the wavelength 
λl for the couple “n-th transmitter, k-th 
receiver”, while |a| denotes the module 
of  the vector a. The point location in the 
plane of  observed flat object is set by a 
vector r0 = r0z + ∆r0, where 0 00,0, T

z z=r  
and 0 0 0, y ,0 ,Tx∆ =r  while the vector ∆r0 is 
a two-dimensional coordinate of  a radio 
hologram.

For a set of  M + 1 point reflectors with 
the coordinate vectors r(m) and reflection 
coordinates am, m = 0, 1, ... M, we get the 
following

( ) ( )
,

0 0

2exp .
M L

m m
n k m tn rk

m l l
V a j π

λ= =

  = − − + −    
∑∑ r r r r  (2)

Formula (1) solves the task of  
constructing a radio hologram ( )0Q r  based 
on multi-frequency MRH. This method is 
an implementation of  the method of  the 
sum of  inverse projections for this case. 
This method does not restrict the spatial 
position of  the antenna system elements; 
the positioning can be equidistant and 
non-equidistant as well.
2.2. mrG focusinG alGorithm based on 
non-equidistant dft
To solve the problem of  creating a fast-
focusing algorithm, let us consider a 
single-frequency MRH and transformation 
of  Equation 1 (1) in the form of  two-
dimensional non-equidistant discrete 
Fourier Transform (DFT). To that end, 
each of  the distances |r0 – rtn| and |r0 – 
rrk| in the exponent of  Equation (1) are 
given by

( )

( )

0
0 0 0 0

0
0 0 0 0

,

,

tn z tn z tn

rk z rk z rk

− = + ∆ − = + ∆

− = + ∆ − = + ∆

r r r r r r

r r r r r r





 (3)

where vectors are given by

0 0 0, ,0 , , ,0 , , ,0 ,T T T
tn tn tn rk rn rkx y x y x y= = ∆ =r r r  (4)

so

( )

( )

0
0 0 0

0
0 0 0

, ,0 ,

, ,0 .

T
tn tn tn tn

T
rk rk rk rk

x x y y

x x y y

∆ = ∆ − = − −

∆ = ∆ − = − −

r r

r r





 (5)

The decompositions of  the distances   
( )0

0z tn+ ∆r


 and ( )0
0z rk+ ∆r



 are formulated using 
the Fresnel approximation [6]:

( ) ( ) ( )
( ) ( ) ( )

20 0
0 0 0

20 0
0 0 0

2 ,

2 .

z tn tn

z rk rk

z z

z z

+ ∆ ≈ + ∆

+ ∆ ≈ + ∆

r

r

 

 

 (6)

By summing the absolute values of  the 
distances (6) and considering (5), we get the 
following quadratic approximation for a bi-
static sum of  distances in the exponent in 
Equation (1):

( ) ( )

( )

00
0 0 0 0

2 2 2
0

0 0
0 0 0

12 , .
2

tn rk z tn z rk

tn rk
tn rkz

z z z

− + − = + ∆ + + ∆ ≈

∆ +
≈ + + − + ∆

r r r r r r

r r r
r r r

 

 (7)

For greater convenience and the ease of  
representing the final algorithm, let us write 
the double summation in (1) for the indices 
(n,k) varying as n = 0, 1, ..., N, k = 0, 1, ..., 
N, as a single summation for a certain index 
varying as p = 0, 1, ..., P, where P = (Nt + 1)
(Nr + 1) – 1. In this case, direct and inverse 
transformation from (n,k) to p and from p to  
(n,k), accordingly, are formulated as follows:
p = n + k(Nt + 1),         (8)

( ) ( ) ( )1 , ,
1 1t

t t

p pn p p N k p
N N

   
= − + =   + +   

 (9)

where square brackets denote the integer part 
of  a number.
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After that, we can replace Equation 
(1) with the following expression given 
Equations (7)-(9)

( )

( ) ( )
( ) ( )( )

2
0

0 0
0 0 0

2 2

0
0 0

2exp 2

2exp , ,
2

L P

p
l p l

tn p rk p
tn p rk p

l

Q V j z
z

j
z z

π
λ

π
λ

= =

  ∆ ∆ = + +
 

+  + × − + ∆  
 

∑∑
r

r

r r
r r r

 

 (10)

where ( ) ( )( ), .pV V n p k p=  .
Let us introduce the corrected MRH ,p lW

given by

( ) ( )
2 2

2
0

, 0
0 0

2exp 2 .
2

tn p rk p
p l p

l
W V j z

z z
π
λ

  +∆  = + +  
    

r rr
   (11)

Then, considering that the dot product 
in the second exponent of  (10) is the 
following 

( ) ( )( )0 0 0, ,p ptn p rk p x yµ ν+ ∆ = +r r r  (12)

where

( ) ( )p tn p rk px xµ = +  and ( ) ( ) ,p rn p rk py yν = + , ( 13 )

Ultimately, we get the following expression 
for a planar radio hologram

( ) ( )0 0 , 0 0
0 0 0

2, exp .
L P

p l p p
l p l

Q x y W j x y
z
π µ ν

λ= =

 
= − + 

 
∑∑   (14)

From (14), we conclude that ( )0 0,Q x y  has 
a form of  a sum of  two-dimensional DFT 
with unequal p spacing of  two-dimensional 
components or nodes (μp, νp). In their turn, 
the output components of  the radio image 
coordinates (x0, y0) are quantized with equal 
spacing based on the size and the number of  
points in the radio image.

3. RESULTS
For fast calculation of  the DFT, a special 
non-uniform FFT algorithm (NuFFT) 
based on so-called fast Gaussian binding 
of  non-equidistant nodes is used [9]. For 
this algorithm, we procured initial data for 

calculating DFT according to Equation 
(14) and reconstructing the radio image 

( )0 0, .Q x y

For the numerical experiment, the 
input data was as follows: radiation 
frequency was f0 = ω0/2π = 15 GHz (λ0 = 
2 cm), multi-frequency signal bandwidth 
was ∆f  = 5 GHz and the number of  
independent frequencies was 6. A sparse 
MIMO antenna system had a transmitting 
antenna array sized 1.14×1.14 m2 with a 
number of  elements of  8×8 and element 
spacing of  14.3 cm, as well as an in-plane 
receiver antenna array sized 1.5×1.5 m2 
with the number of  elements of  8×8 and 
element spacing of  18.6 cm. The receiver 
antenna was placed with axis symmetry 
relative to the transmitter array.

A multi-point planar object was 
located parallel to the antenna system 
1.5 m meters ways along the normal to 
the system’s center. The object’s shape 
is a circle circumscribed around a 10 
cm x 10 cm cross formed by 17 point 
reflecting elements with equal spacing 
of  5 cm.

The radio image of  the cross-like object 
focused using the method of  inverse 
projections according to Equation (1) is 
given in Fig. 1a, while the image focused 
using the two-dimensional non-uniform 
FFT method using Equation (14) is show 
in Fig. 1b.

4. DISCUSSION
From Fig. 1, we can conclude that the results 
obtained using these two methods are 
closed. The second method result has some 
artifacts on reconstructed image because of  
simplification in equation (6). However, the 
time of  computing a 256x256 px image on 
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a computer with a Core i7-7700H processor 
took 74 s and 0.1 s using the method of  
inverse projections and non-uniform FFT, 
accordingly. So, the computation speed gain 
is 740, while the speed gain will be even larger 
for focusing radio images with greater size of  
reconstructed image.

5. CONCLUSION
The reconstruction of  the radio image in 
the form of  the non-equidistant discrete 
Fourier transform is explicitly equivalent in 
computational complexity to the method of  
inverse projections. However, using non-
uniform fast Fourier transform algorithms 
can signific decrease computational cost 
in problems of  focusing muli-frequency 
multistatic radio holograms. The radio 
images obtained in both methods coincide. 
However, the image by the NuFFT 
method turned out worse because of  the 
approximations that occurred during the 
transition from the inverse projection 
method to the NDFT.
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1. INTRODUCTION
The analysis of  timing parameters of  integrated 
circuits (ICs) is a standard task of  ICs design 
flow. The methods of  static timing analysis 
(STA) are usually used to solve it. They allow 
analyzing the performance of  an integrated 
circuit under given timing constraints. STA 
provides information about critical paths in a 
circuit, i.e. those on which the greatest delay 
is observed during signal propagation, and 
at what highest clock signal frequency the 
functionality of  the circuit is not violated.
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STA methods have several advantages over 
earlier IC timing analysis methods such as the 
use of  input signal vectors. However, with 
the reduction in the size of  integrated circuit 
components and the accompanying increase 
in the complexity of  design tasks, the features 
of  classical STA methods become the reason 
for their efficiency decrease. For example, to 
obtain a spread of  timing characteristics of  
a circuit by use of  traditional STA methods 
it is necessary to calculate the timing 
characteristics several times for different 
parameters variations of  the circuit elements. 
To cover all possible options it is necessary 
to perform timing analysis 2n times, where n 
is the number of  parameters. In practice, the 
assumption is made that if  the circuit works 
correctly under the worst conditions, then 
under typical conditions its functioning will 
not be disturbed, so the analysis is usually 
carried out only for the best and worst cases. 
Although this assumption is correct, it must 
be considered that the worst case implies the 
worst values of  all parameters at the same 
time, which is an unlikely event. Because 
of  this, often the result obtained by means 
of  classical STA methods turns out to be 
excessively pessimistic.

There are several directions in the 
development of  methods to eliminate the 
shortcomings of  static timing analysis. First, 
to reduce the pessimism and minimize the 
complexity of  the STA, false paths analysis 
methods [1] are used. Secondly, there is a 
direction that uses statistical distributions to 
describe the spread of  the timing parameters 
of  an integrated circuit - statistical static 
timing analysis (SSTA) [2]. Thirdly, in recent 
years, STA VLSI methods based on artificial 
intelligence (AI) approaches have been 
developed. The purpose of  this overview 
is to systematize the modern scientific 
experience concerning the above approaches 

to the evaluation of  the timing parameters 
and characteristics of  digital integrated 
circuits. The paper presents a comparative 
analysis of  intellectual and classical STA 
methods.

2. STATIC TIMING ANALYSIS. TERMS 
AND DEFINITIONS
Let us consider the mathematical apparatus, 
the main terms and definitions used to 
formulate and solve the problem of  VLSI 
timing analysis. To represent an integrated 
circuit in STA methods, a timing graph 
model is commonly used. The timing 
graph is a weighted directed acyclic graph 
G = {V, E}, where the set of  elements 

i Vν ∈  represents the vertices of  the graph, 
and the set of  elements eij = (vi, vj), e E∈  
represents its edges. Each edge eij = (vi, 
vj) starts from the vertex vi and ends in 
the vertex vj. Each vertex vi of  the timing 
graph G corresponds to an electrical node 
of  the circuit. Each edge eij represents a 
delay between vertices vi and vj, and the 
weight of  this edge dij corresponds to the 
value of  this delay. The number of  edges 
entering the vertex vi is called an in-degree 
and is denoted by d+(vi), and the set of  such 
edges is called a fanin of  vi (fanin(vi)). The 
number of  edges outgoing from the vertex 
vi is called the outdegree and is denoted by 
d–(vi), аnd the set of  such edges is called 
fanout of  the vertex vi (fanout(vi)). A path 
p in a graph G is a sequence of  edges in 
the graph where the end of  a previous 
edge is the beginning of  a new edge. The 
delay dij of  the path pij can be obtained by 
sum of  all the weights of  the edges and 
the delays of  the vertices along this path.

The Arrival Time (AT) of  vi is the maximum 
time required for signal to reach vi. It is 
calculated as the sum of  the maximum delays 
on the path from the primary inputs of  the 
circuit to the vertex vi. The required time (RT) 
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is the time for which the signal must reach 
the vertex vi to satisfy the timing constraints 
specified by the user. Transition Time is the time 
required for an element to switch its logical 
state when the signal at the previous node of  
the circuit changes. The critical path is the path 
between the input and output of  the circuit, 
on which the greatest signal delay is observed. 
Slack is the difference between RT and AT. 
A positive slack value means that the circuit 
satisfies the user's timing constraints, while a 
negative slack value means that the delay on 
the critical path is too big and the path needs 
to be optimized.

Consider the example circuit in Fig. 1a. 
The timing graph for this circuit is shown 
in Fig. 1b (the vertex delay values are shown 
in parentheses, and the weights of  the edges 
are written near them). The arrival time of  
the signal is calculated from the inputs of  the 
circuit to the outputs.

The required time RT propagates in the 
opposite direction from the circuit outputs 
to the inputs (Fig. 2a). The slack is calculated 
last, due to AT and RT should be known to 

calculate it. As one can see from Fig. 2b, the 
greatest delay is observed on the path d → h → 
y → f, and the slack at node f is Slack(f) = RT(f) – 
AT(f) = 7 – 6.8 = 0.2.

One of  the problems of  traditional STA 
methods is that the timing graph doesn’t 
consider the logical structure of  the circuit. 
This shortcoming can potentially lead to false 
paths appearing among the critical paths. 
A false path is a path in the timing graph 
the signal along which will not pass for any 
input combination of  signal values. Due to 
false critical paths, the result of  STA can be 
unnecessarily pessimistic.

3. STATISTICAL STATIC TIMING 
ANALYSIS
As noted earlier, STA is performed for 
two extreme cases of  variations in the 
parameters of  internal subcircuits (for 
example, standard cells) of  the analyzed IC. 
The input data for such an assessment is 
formed by characterizing the IC subcircuits 
in PVT (Process, Voltage, Temperature) 
corners corresponding to the best and worst 
conditions for the functioning and physical 
implementation of  these subcircuits. 
Although variations in macro parameters, 
such as temperature or supply voltage, can be 
approximated by characterizing subcircuits 
in several PVT corners, variations in local 
parameters, which include degradation 
phenomena or fluctuations in technological 
parameters of  elements during production, 
cannot be fully considered due to their 
diversity. According to [3], the number 
of  simulation runs required to cover all 
possible sources of  variation in the form of  
process parameters is in the range of  27–
210. For earlier semiconductor fabrication 
processes, incomplete consideration of  
technological parameters did not have a 
large impact on the results of  deterministic 

NANOELECTRONICS CLASSICAL AND INTELLIGENT APPROACHES FOR 
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                     a                                       b
Fig. 1. A logic circuit (а) and the arrival time on the timing 

graph (b).

                     a                                       b
Fig. 2. Required time (а); the critical path and a slack 

for it (b).
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STA, however, with a decrease in the size 
of  circuit devices, it becomes the reason for 
excessively pessimistic results.

These problems can be partly solved 
by using statistical static timing analysis 
(SSTA). SSTA uses random values of  delays 
and variations of  environment parameters 
(voltage and temperature) and process 
parameters (fluctuations of  structures and 
interconnections), which are characterized by 
probability density function. The result of  
this analysis is the distribution of  the timing 
characteristics of  the circuit, which makes it 
possible to estimate the actual clock frequency 
as well as the process yield due to given 
restrictions on timing characteristics.

SSTA methods can be divided into two 
groups. Methods of  the first group are 
focused on the analysis of  signal propagation 
paths (Path-based SSTA, PBA) [4]. The 
disadvantage of  these methods is that they 
must be applied repeatedly to all elements 
of  the set of  analyzed paths, which leads 
to their high computational complexity. The 
methods of  the second group are aimed at 
analyzing blocks of  subcircuits (Block-based 
SSTA, BBA, also Graph-Based Analysis, 
GBA). The computational complexity of  
these methods is usually linear in the number 
of  blocks in the circuit, but the accuracy is 
lower.

The difference in approaches is shown 
in Fig. 3a,b. The number of  paths increases 
significantly as the number of  vertices in the 
timing graph increases. Moreover, the greater 
the connectivity of  vertices in the graph, the 
more paths need to be analyzed in the PBA 
approach (Fig. 3a). At the same time, in the 
block approach, the complexity of  analysis 
depends only on the number of  vertices of  the 
graph representing the scheme. In addition, 
PBA methods analyze each path individually, 
while in the BBA approach, the analysis is 

performed in one continuous pass in the 
direction from the inputs of  the circuit to its 
outputs (Fig. 3b).

According to [5], the following idea is often 
implemented in commercial STA software. 
The block-oriented approach can be used to 
preliminarily analyze the circuit and obtain 
critical paths, which are then further analyzed 
using the PBA approach.

Two operators [5] are used in SSTA: addition 
and maximum of  distributions. Addition for n 
independent normal distributions P1, P2, ..., Pn 
with means μ1, μ2, ..., μn and standard deviations   
σ1, σ2, ..., σn is calculated as follows:

1
( , ) ( , ),n

i ii
P Nµ σ µ σ

=
=∑

2
1 1

,  = ,n n
i ii i

µ µ σ σ
= =

=∑ ∑
where N(μ, σ) is the normal distribution with 
mean μ and standard deviation σ.

For correlated distributions, the total 
standard deviation takes the following form:

1 1
 = ,n n

ij i ji j
pσ σ σ

= =∑ ∑
where pij is the correlation coefficient between 
delays of  elements i and j.

As noted in [5], the application of  
the maximum operation does not always 
have an obvious solution. If  two normal 
distributions P1 and P2 and with means μ1 
and μ2 and standard deviations σ1 and σ2, 
respectively, are independent and do not 
intersect, or two normal distributions have 
a strong dependence, and their standard 
deviations are comparable, i.e. σ1 ≈ σ2, then 
for μ1 > μ2, max(P1, P2) = P1. However, in 
the case when two normal distributions 
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                     a                                       b
Рис. 3. Path based analysis (a) and block based analysis (b).
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intersect, they are highly correlated, and 
their standard deviations are difficult to 
compare, or two normal distributions are 
independent but intersect, the result of  
their maximum operation may be a non-
Gaussian distribution, that makes statistical 
timing analysis more difficult. This means 
that special attention should be paid to the 
study of  the operation of  the maximum of  
random variables in statistical static timing 
analysis. At the same time, according to the 
authors of  [5], the result of  the maximum 
distributions in SSTA in a form different 
from the normal distribution is a rare 
situation and, as a rule, has little effect on 
the final result of  SSTA.

4. INTELLIGENT METHODS OF 
STATIC TIMING ANALYSIS
One of  the important problems of  static 
timing analysis, as noted earlier, is excessive 
pessimism due to the influence of  false 
critical paths. Several works of  foreign 
and Russian researchers are devoted to the 
critical paths identification in the timing 
graph. In particular, the work [6] uses the 
resolution method, which can be called the 
simplest version of  the intellectual approach 
to solve this problem.

The resolution method is used to derive 
new rules from a set of  existing ones. It is 
used in artificial intelligence systems and is 
the basis of  Prolog programming language. 
Having given timing constraints and an initial 
set of  trivial logical implications of  circuit 
elements, the authors of  [6] derive new 
implications using the resolution method and 
find logical-timing contradictions in signal 
propagation paths. Logical implications 
represent relations between the circuit 
nodes in the following form. If  the node a 
equals logical zero, then the node b equals 
one. When a logical-timing contradiction 

is detected, the algorithm proposed in [6] 
leaves this path and does not take it into 
account. The results of  the simulation using 
this method demonstrate that it is possible 
to reduce the delay estimate by more than 
50% for a number of  circuits.

The work [7] is also devoted to the 
false paths elimination problem in STA. 
It proposes algorithms for false paths 
identification based on the analysis of  the 
past and current states of  the circuit nodes 
using a program for automatic test sets 
generation. In [7], three algorithms for 
false paths are implemented and compared. 
The result of  the work is a decrease in the 
number of  critical paths by ~33%.

The algorithms used in work [7] were 
also considered in [8]. Paper [8] presents a 
comparison of  the results of  timing analysis 
using STA without false path identification, 
STA with false path identification, SSTA 
without false path identification, SSTA 
with false path identification, and STA and 
SSTA using neural networks [9]. The neural 
network architecture used by the authors has 
1 hidden layer with 20 neurons, 1 input layer 
and 1 output layer. The operation of  the 
neural network considered such parameters 
as the number of  inputs and outputs of  
the analyzed circuit, the number of  logic 
elements, the number of  interconnections, 
power consumption, and the number of  
gates on a critical path. The results of  
the work show that the signal arrival time 
calculated using SSTA is, on average, 7% 
less than that obtained using STA.

For most of  the test circuits, neural 
network analysis was faster than traditional 
SSTA, and the accuracy of  the results 
turned out to be higher. However, it should 
be noted that the report on the results in 
[8] is sketchy and requires extension and 
discussion.
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The use of  neural networks for statistical 
static timing analysis is also described in 
the article [10], where the distributions of  
parameters that affect the result of  STA are 
considered as discrete values. Under these 
conditions, the authors draw attention to the 
problem of  the operation of  a maximum of  
two discrete distributions. They also pointed 
out that the addition operation for distributions 
can lead to an explosive growth in the number 
of  sampling intervals of  the distribution 
function as we move deeper into the timing 
graph, which results in an exponential increase 
in computational complexity.

To solve these problems, the authors of  
[10] propose to replace the standard operations 
of  addition and calculation of  the maximum 
with an approximation of  these operations 
created using deep learning. According to 
their assumptions, this will allow one to 
approximate the result with high accuracy 
and linear computational complexity. The 
experimental calculations carried out showed 
an average error of  0.7% for the mathematical 
expectation and 2.56% for the standard 
deviation for the proposed method compared 
to the Monte Carlo method. At the same time, 
the acceleration was 20.7 times on average 
compared to standard solutions.

A combined approach based on PBA and 
machine learning methods was proposed in 
[11]. Although graph-based timing analysis is 
significantly faster than path-based analysis, 
the slack estimation in GBA methods is 
unnecessarily pessimistic. In this regard, 
the paper [11] proposes the use of  machine 
learning methods to predict the PBA result 
based on the GBA result. The basic unit of  
analysis in the work is the so-called bigram, 
which combines two consecutive circuit 
elements (cells) on a timing path.

During the formation of  the predictive 
model [11], a set of  electrical and physical 

features of  a bigram unit that can affect 
PBA-GBA divergence was evaluated. These 
parameters include:

1) transition time of  the first cell in a bigram 
unit;
2) transition time of  the second cell in a 
bigram unit;
3) arrival time of  the first cell in a bigram 
unit;
4) transition time ratio (TR) of  the first cell 
in a bigram unit;
5) arrival time of  the second cell in a bigram 
unit;
6) drive strength of  the first cell in a bigram 
unit;
7) drive strength of  the second cell in a 
bigram unit;
8) functionality of  the first cell in a bigram 
unit;
9) functionality of  the second cell in a 
bigram unit;
10) fanout of  the first cell in a bigram unit;
11) load capacitance of  the first cell in a 
bigram unit;
12) accumulated transition time ratio of  the 
first cell in a bigram unit;
13) propagation delay of  the second cell in 
a bigram unit.
According to the results of  [11], the 

exclusion of  at least one of  these items can 
lead to a decrease in the prediction accuracy by 
2% to 27%.

The method [11] is based on nonlinear 
models of  classification trees [12] and 
regression trees. Regression trees were used to 
calculate signal arrival times for each bigram 
based on the GBA results, and classification 
trees helped to determine the divergence 
between the PBA and GBA results based on 
the training dataset. In comparison with GBA 
methods the results obtained during testing 
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demonstrate the reduced pessimism while 
maintaining low computational complexity. 
On average, the decrease in the difference 
between PBA and GBA in the estimation of  
signal arrival time was 26.6%.

The problem of  correlation of  results 
obtained by the STA software from different 
vendors is studied in [13]. It is a question 
of  interest due to the fact that the software 
tools of  leading companies (providing the 
so-called “golden” industry standard STA 
results) are expensive, therefore to purchase 
them and to update regularly is not always 
possible. Thus, there is a need to distinguish 
both between "gold standard" STA tools 
and their cheaper (or freely available) 
counterparts, and between different versions 
of  them.

The authors of  [13] proposed a method 
based on machine learning to predict the 
results of  one STA software tool based on the 
results obtained by another one. The method 
was set up based on the following parameters 
of  the analyzed ICs:

1) effective load capacitance;
2) total coupling capacitances;
3) wire ground capacitance;
4) wire resistance;
5) cell input slew;
6) cell output slew; 
7) cell delay;
8) wire delay;
9) total stage delay; 
10) flip-flop setup time;
11) path slack.
In [13], a set of  linear and nonlinear 

machine learning methods (least squares 
regression (LSQR), artificial neural networks 
(ANN), support vector machine regression 
with a radial basis function kernel) and 
random forests [14] were used. For each of  

the models, the authors selected the method 
that best reduced both the root-mean-
square spread and the difference between 
the maximum and minimum deviations of  
the results of  the two compared software 
for STA. It is noted that LSQR regression 
and ANN show less efficiency compared 
to random forests and support vector 
regression for the problem of  minimizing 
the range of  deviations. The ANN-based 
model is the most effective at modeling setup 
times and cell delays. The support vector 
machine regression performs well when 
modeling interconnect and cascade delays. 
The random forest model provided good 
results for slack calculation. To implement 
these models, the built-in Matlab vR2013a 
toolkit for ANN, the LIBSVM library for 
the support vector machine in Matlab [15], 
and the implementation of  a random forest 
in Matlab with an open source code [16] 
were used.

The authors of  [13] achieved a decrease 
in the divergence of  up to 6.6 times for the 
calculated values of  the signal setup time and 
delays of  the circuit elements, considering the 
signal integrity (SI) analysis and the spread of  
on-chip variation and up to 4 times without 
SI.

With a decrease in the size of  elements 
in microelectronics, the problem of  signal 
integrity in the STA becomes more and more 
relevant. Most often, STA is performed for 
digital signals, however, any digital signal is 
analog in nature, and it is a subject to similar 
effects (crosstalk, power supply noise, etc.) 
that become stronger as the size of  the layout 
elements decreases. Performing STA with 
regard to SI is a laborious task, and software 
tools capable of  performing this type of  
analysis are usually available at a higher price. 
Due to this, in [17], the electrical and logical 
parameters that lead to the time difference 
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between classical STA and STA with SI were 
analyzed. The obtained parameters were used 
to train a neural network with the following 
structure: 1 input layer, 2 hidden layers, each 
of  which contains the number of  neurons 
up to twice the number of  input parameters, 
and 1 output layer. In addition, the support 
vector machine with a radial basis function 
was used for modeling. To combine the results 
of  the analysis using a neural network and 
the support vector machine, hybrid surrogate 
modeling was used, the basics of  which are 
given in [18].

The practical part of  work [17] consists 
of  three experiments. The first one was 
performed to validate the delay and transition 
time prediction model. The average error 
for transition time and delay in absolute 
terms was 0.6% and 1.4%, respectively, 
compared to the STA method with signal 
integrity. The worst case error was 8.8% 
for transition time and 6.9% for delay. In 
the second experiment, the reliability test 
of  the model was carried out by calculating 
the timing characteristics for variants of  
test circuits that were not used in a training 
dataset. As a result of  the experiment, the 
average prediction error was 2.6%, and in 
the worst case it was 12.3%. In the third 
experiment, the accuracy was compared 
with the previously mentioned model [13]. 
The model proposed by the authors of  [17] 
shows a much smaller error.

Another important application of  STA 
methods is the evaluation of  the timing 
characteristics of  circuits at various stages of  
the ICs design flow. Thus, in [19], the issue of  
timing analysis of  implementations of  user 
circuits based on the data of  the placement 
procedure is considered. Interconnection’s 
routing makes a significant contribution 
to the timing characteristics, that’s why it 
is necessary to use a pessimistic estimate 

at all stages before routing to ensure the 
correct functioning of  the IC. The authors 
of  [19] suggest using machine learning 
methods to reduce the pessimism of  timing 
analysis characteristics at the placement 
stage. When forming models and training 
machine learning algorithms, the following 
parameters were considered:

1) the output capacitance of  the driver (the 
output capacitance of  the previous logic 
element) and the sink capacitance (the input 
capacitance of  the load).
2) The distance between the driver and 
the target. According to [19], the vertical 
and horizontal distance from the driver is 
proportional to the interconnection delay.
3) Max driver input slew.
4) Location of  sink other than the target.
Due to the fact that machine learning 

requires a fixed number of  input parameters, 
the work uses the average value of  the 
location of  the remaining sinks along x and y 
coordinates, as well as their spread.

The paper [19] compares three machine 
learning methods for solving the problem: 
1) the Lasso linear regression algorithm; 2) 
artificial neural network; 3) random forest. 
The training was performed on the STA 
data applied to already routed circuits. The 
problem of  false paths in this approach 
is considered indirectly using the STA 
algorithm used to prepare the training data. 
Testing was performed  on the same test 
circuits as training, but resynthesized with 
changed parameters to obtain a different 
implementation of  the circuits. As a result, 
the random forest method showed the 
smallest standard error in both the delay 
estimate and the transition time estimate. 
In the work, a comparison was made with 
a commercial STA software tool, according 
to which the proposed method based on 
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machine learning showed the best result. 
It was confirmed not only by comparing 
the calculated delay, which turned out to 
be closer to the real values, but also by a 
smaller spread of  the timing parameters 
of  the circuit compared to the results of  
commercial software for STA.

A study of  the dependence of  the timing 
characteristics of  the circuit on the supply 
voltage is presented in [20]. Its main thesis 
is that the difference in supply voltage 
has the greatest impact on the difference 
in delays when working under different 
PVT conditions. As we noted earlier, the 
characterization of  elements is usually 
performed for several PVT corners, and 
it does not cover all possible variations of  
both technological and macro parameters. 
The authors of  [20] suggest using machine 
learning to perform STA with different 
power supply voltages.

The method [20] is based on a 
convolutional neural network [21] with the 
assumption that the task of  determining the 
path delay is similar to the task of  computer 
vision. Thus, images in computer vision 
tasks are represented as a three-dimensional 
tensor (W, H, C), where W is the image 
width, H is the image height, and C are the 
color channels of  the image. By analogy 
with this, the characterization corners 
can be represented as a three-dimensional 
tensor (P, V, T), where P are the variations in 
the technological parameters of  electronic 
components, V are the variations in the 
supply voltage, and T are the variations in 
temperature. For modeling, the authors of  
the work used the linear regression method, 
the Lightgbm method [22], and an ensemble 
of  these two methods. Two experiments 
were performed in [20]. The first one was 
dedicated to the path delay prediction for 
one value of  the supply voltage based on STA 

for another value of  the supply voltage at the 
same value of  parameter P. The ensemble of  
methods showed the best result among the 
others with a maximum error of  less than 
4.9%. In the second experiment, the path 
delay was predicted for a given value of  the 
supply voltage with given variations of  the 
process component P based on STA with 
other parameters of  the supply voltage and 
variations in the technological parameters 
of  electronic components. The maximum 
error in this case was 7.9%.

5. DISCUSSION OF STA 
INTELLIGENT METHODS
Among the presented works on the use of  
artificial intelligence for solving STA problems, 
various types of  neural networks are mostly 
often proposed. This conclusion is also 
supported by works that are not considered in 
detail within this overview, given in Table. 1. At 
the same time, ANNs are not a universal way 
to solve any STA problems. There are several 
works [11,14,16,17] devoted to the study and 
comparison of  the results of  several machine 
learning methods for particular STA problems. 
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Table 1
Application of intelligent approaches to the problems 

of static timing analysis of integrated circuits
Object STA task Solution method Ref.

Noise analysis

STA considering 
power supply 
noises

Neural network, 
support vector 
machine, 
LSBoost

[23]

Correlation of 
results of the 
STA

STA considering 
variations in 
path delays 
when modeling 
at different 
corners of 
characterization

Neural network

[24]

Correlation of 
STA results under 
different modeling 
conditions

Multiple Linear 
Regression

[25]

Transistor 
Degradationв

Timing Prediction 
with Transistor 
Degradation

Feedforward 
Neural Network

[26]

STA runtime 
reduction

STA with parallel 
data processing Neural Network

[27]
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As it turned out, in most of  these works, the 
best result is provided by an ensemble of  
methods (for example, a combination of  the 
linear regression method and the Lightgbm 
method in [20], a neural network and the 
support vector machine in [17]). Also, good 
results are demonstrated by methods based on 
the “Random Forest”, which is an ensemble of  
decision trees. Presumably, ensemble methods 
show more accurate results compared to 
single methods due to their better behavior 
in conditions of  insufficient training data. In 
addition, due to the variety of  mathematical 
dependencies contained in their composition, 
ensemble methods are able to take into account 
the nonlinear nature of  the problems of  timing 
analysis.

The most cautious thesis, deduced on 
the basis of  modern scientific and technical 
experience, can be formulated as follows. 
Each task of  static timing analysis requires 
careful selection of  an appropriate intelligent 
method or a combination of  them, as well 
as careful study of  the way the training and 
test data sets are formed. Currently, a unified 
methodology for solving STA problems based 
on AI methods has not been formed.

6. CONCLUSION
The article considers the application of  classical 
and intelligent approaches to the problem of  
timing analysis of  integrated circuits. One of  
the frequent problems solved in modern works 
is to reduce the pessimism of  the results, which 
is inherent in the methods of  static timing 
analysis. A small part of  the work is devoted 
to the acceleration of  STA without significant 
loss of  accuracy.

Great interest in the application of  
intelligent methods to the timing analysis of  
IC is observed on the part of  foreign scientists, 
while there are very few Russian-language 
studies on this topic. Presumably, the reason 

for this lies in the fact that for a long time 
domestic enterprises and microelectronics 
development centers had used exclusively 
foreign proprietary software and there was no 
urgent need for own developments.

An analysis of  the existing scientific and 
technical literature helped to identify promising 
areas for future research. These include the 
elimination of  the influence of  false paths, the 
reduction of  the pessimism, a detailed study of  
the operations of  addition and the search for 
the maximum of  the distributions of  variations 
in the technological and macro parameters 
of  the IC, the consideration of  the noise 
factor and the signals integrity observation, 
establishing correlations between the results 
of  timing analysis at different stages of  IC 
design, as well as between different, including 
proprietary, software for timing analysis, or in 
intermediate PVT corners.
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1. INTRODUCTION
Is it possible to reduce the refractive index 
of  this matrix by ten or more times using a 
small (about 3 wt.%) content and a random 
arrangement of  metal nanoparticles in a 
dielectric matrix? This article provides a 
theoretical justification for the possibility 
of  such a structural transition. Moreover, it 
will be shown that this structural transition 
is observed experimentally in the PMMA@
Ag metamaterial with silver nanoparticles 
synthesized according to the technology 
developed by us [1,2].
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As a rule, to simulate the optical properties 
of  composite materials with random inclusions 
the Garnett formula [3,4] is used on the basis 
of  which it is possible to prove the possibility 
of  achieving a zero refractive index in a narrow 
wavelength range at certain values of  the matrix 
permittivity. In review [3] various methods 
of  mathematical modeling of  the effective 
permittivity of  various composite materials 
are analyzed in sufficient detail. Without going 
into the details of  these methods we only 
note that composite materials are considered 
in them within the framework of  the concept 
of  a continuous medium. This article uses the 
concept of  a discrete-continuous medium 
taking into account the discrete distribution of  
nanoparticles in the vicinity of  any composite 
nanoparticle. In this case the discrete region 
has linear dimensions that are much smaller 
than the wavelength of  the external radiation. 
Therefore, this region is not considered as a 
light-scattering inhomogeneity. As shown in [5], 
in a dielectric consisting of  atoms or molecules 
in the framework of  the concept of  a discrete-
continuous dielectric the refractive index of  the 
dielectric is always fluctuating in the vicinity 
of  a certain average value. The magnitude of  
these fluctuations is about 1-2%. It was also 
noted in [5] that the role of  these fluctuations 
increases significantly near the boundary of  the 
dielectric where a quasicrystalline transition layer 
is formed, which made it possible to explain the 
anomalies in the Fresnel formulas for Brewster 
reflection of  light [6]. This article will show that 
in a discrete-continuous composite material with 
a low weight content of  silver the refractive 
index of  the composite not only decreases 
significantly, but also fluctuates around zero in 
a wide wavelength range, at least from 450 to 
1200 nm. Moreover, this wavelength range is 
the region of  transparency of  the composite, 
where the absorption index is much less than the 
refractive index. The idea of  a random refractive 
index close to zero made it possible to explain 

the experimental reflection and transmission 
spectra of  a nanocomposite layer on glass.

Previously, in a series of  works [7–11], the 
effects discovered by the authors were described, 
such as light interference in thick composite 
layers, the thickness of  which is much greater 
than the wavelength [7], enhanced optical 
transmission of  the composite layer compared 
to the optical transmission of  a layer made of  
the matrix material of  the composite the same 
thickness [8], non-specular reflection of  light at 
an inhomogeneous interface between two media 
and in a nanostructured layer with a refractive 
index close to zero [9], violation of  the principle 
of  reversibility of  light fluxes in an optical 
medium with a random refractive index close to 
zero [10], photon localization in metamaterials 
with a refractive index close to zero [11]. It 
was shown in [12] that all these effects can 
be theoretically described using non-Fresnel 
formulas for the reflection and transmission 
coefficients of  a layer with a random refractive 
index close to zero.

Therefore, the purpose of  this article is the 
further development of  a mathematical apparatus 
useful for describing the optical properties of  a 
discrete-continuous medium. Below, we derive a 
formula for the complex refractive index of  a 
composite metamaterial, taking into account the 
structure factor, and it will be shown that this 
formula transforms into the Garnett formula for 
a continuous effective medium.

2. POLARIZATION VECTOR OF A 
COMPOSITE MEDIUM WITH SPHERICAL 
SILVER NANOPARTICLES
For dimensional polarization, we write the 
polarization vector  of  the composite medium 
in the form:

2
0

0
2 2

3 3
m m

p m m
m

nN Nε εα α
ε

 + +
= + 
 

P E,  (1)

where E is the strength of  the macroscopic electric 
field, 2

0n  = ε0 is the complex permittivity of  bulk 
silver, εm is the dielectric (real) permittivity of  
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the dielectric matrix (polymethyl methacrylate), 
N0 is the concentration of  silver spherical silver 
nanoparticles, Nm the concentration of  dipoles 
in the matrix, αm and αp the polarizability of  the 
matrix and silver nanoparticles, respectively. 
Wherein: Nmαm = (3/4π)(εm – 1)/(εm + 2), 

2
m mnε = , nm = 1.49. The polarizability of  a silver 

nanoparticle can be represented as:

3 0

0

,
2

m
p

m

a ε εα
ε ε

−
=

+
 (2)

where α is the nanoparticle radius.
Substituting (2) into the Lorentz-Lorentz 

formula, we obtain the Garnett formula [3]:

( )
( ) ( )

0

0 0

3
,

2
m m

m
m m

p
p

ε ε ε
ε ε

ε ε ε ε
−

= +
+ − −

 (3)

where p = (4π/3)α3N0 is the volume fraction 
of  nanoparticles in the polymer matrix. This 
formula is usually used to describe continuous 
media with inclusions. For nanoparticles of  
small radius α = (2÷7)  nm in the metamaterials 
considered in this article p << 1.

Let us pass in formula (1) from the 
dimensional polarizability (2) to the dimensionless 
polarizability αeff, which can be represented as

( ) ( )Re Im ,eff eff effiα α α= +  (4)

where

( ) ( ) ( )

( )

3
0

10

3
0

20

1Re 1 ,
3 4

Im .
3

eff m m
m

eff
m

N a

N a

α ε ε ε
ε π

α ε
ε

= − + −

=
 (5)

Let us consider the dielectric matrix using the 
real value εm, and the silver nanoparticle using 
the complex permittivity  2

0n  = ε10 + iε20 of  bulk 
silver. In this case, in accordance with [13]:

( )
( )

( )
( ) ( )( )

2 2

10 2 2
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20 2 2
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1 2 /

,
2 / 1 2 /

p

p

ñ

ñ ñ

ω τ
ε λ

π λ τ

ω τ
ε λ

π λ π λ τ

= −
+

=
+

 (6)

where the plasma frequency is ωp = 1.386·1016 
rad/s, τ = 31·10–15 s. In bulk silver at wavelength 
λ = 0.5893·10–4 cm n0 = 0.2 is the real part of  the 
refractive index and k0 = 3.44 is the imaginary 
part of  the refractive index [14]. Using these 
numerical values, we obtain ε10 = –17.786 and 
ε20 = 0.18. Then Re(αeff) = 0.0948 and Im(αeff) = 
0.192·10–4. Similarly, for other wavelengths in 
the range from 450 to 1200 nm, we obtain the 
following relationship:

( )
( )

Im
1.

Re
eff

eff

α

α
<<  (7)

This ratio means that the considered 
metamaterial with silver nanoparticles has a high 
optical transparency.

3. THE REFRACTIVE INDEX OF 
A METAMATERIAL WITH SILVER 
NANOPARTICLES, TAKING INTO 
ACCOUNT THE STRUCTURAL FACTOR
The relative refractive index of  the composite 
medium (n/nm) is determined using the following 
relation:

( )2
4 41 ,

3/ 1 eff eff eff
mn n
π πα βα α= − −

−
 (8)

where the structure factor is defined as

( )2
2

0

exp2 2 .a
m

a a

i
n

N R
πβ
λ

 =  
 

∑
kR  (9)

The summation in (9) is performed over 
the positions of  nanoparticles inside the 
Lorentz sphere, the radius of  which is much 
less than the wavelength λ, where k is the 
wave vector of  the polarization wave in the 
composite, 2 ,mnπ

λ
 =  
 

k  Rα is the radius vector 
of  nanoparticle centers.

We assumed (8) that the polarization vector 
at points Rα inside the Lorentz sphere is the 
same at different points Rα, i.e. Pα ≈ P. The 
structure factor (9) takes into account only 
one part of  the dipole field inside the Lorentz 
sphere, proportional to 1/Rα. Other parts of  the 
dipole field are proportional to 1/Rα

3 and 1/Rα
2 
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vanish for different types of  discrete distribution 
of  nanoparticles.

In the electrodynamics of  dielectrics, it is 
generally accepted that the field of  discretely 
distributed dipoles of  atoms (molecules) in 
the vicinity of  any observation point is equal 
to zero. However, for discrete-continuous 
media, the retarded part of  the dipole field in 
the vicinity of  observation points is nonzero 
for any type of  symmetry in the arrangement 
of  atoms or molecules [5]. This property 
of  dielectrics corresponds to the near field 
effect. The structural factor in the considered 
optical metamaterial with silver nanoparticles 
is a manifestation of  the near field effect, 
but now silver nanoparticles in the vicinity 
of  observation points are considered instead 
of  atoms (molecules). The calculation of  the 
structure factor is related to the calculation 
of  the lattice sums of  an ideal cubic lattice, in 
which the role of  the lattice constant is played 
by the average distance between the centers 
of  spherical nanoparticles. In this case, the 
random deviation from the ideal lattice is 
determined using a random order parameter 
of  unity.

The lattice sum for a cubic lattice has the 
form [15]:

( )
( )

2
0

0 2 2

exp 4 .
2

a

a a m

i NS
R n

π λ
π

= =∑
kR

 (10)

Let us represent the structural factor (9) 
taking into account (10) as:
β = 8πs0,       (11)
where s0 is a dimensionless random parameter 
that takes into account the deviation of  the 
discrete distribution of  nanoparticles from 
the cubic one in a composite with a uniform 
distribution of  nanoparticles with concentration 
N0. At a 3% weight content of  silver in the 
polymer and nanoparticle radius α = 2.5 nm, 
the average distance between the centers of  
nanoparticles is 28 nm, which makes it possible 
to ignore the interaction between nanoparticles.

From equation (8), we obtain the following 
formula for the complex refractive index of  a 
metamaterial with inclusions:

( )2

2

81
3 1

.
41
3 1

eff

eff

effm

eff

n i
n

απ
βακ
απ
βα

+
−+

=
−

−

 (12)

In a continuous medium when β = 0 and 
N0αp>> Nmαm formula (12) coincides with the 
Garnett formula [3]. It will be shown below that 
at βαeff ≈ 1 it is possible to achieve zero and close 
to zero values of  the refractive index.

4. NUMERICAL EXPERIMENT
For a polymer matrix made of  poly(methyl 
methacrylate) with a refractive index of  1.49, the 
presence of  a low concentration of  inclusions 
N0αp makes it close in value to Nmαm. Thus, in 
the numerical example considered above, at a 
3% weight content of  silver in the composite  
N0 = 0.455·1017 cm-3, α = 2.5 nm, the negative 
part of  the permittivity of  silver nanoparticles 
is less than the positive part of  the permittivity 
of  the polymer matrix. When the refractive and 
absorption indices of  the composite vanish 
exactly the numerator in formula (12) vanishes, 
and the denominator is nonzero. As a result, we 
get two equations:

( )

( )

81 Re 0,
3

8 Im 0.
3

eff

eff

πα β

π β α

 + − = 
 

 − + = 
 

 (13)

Let us estimate the values of  the structural 
factor β for which n = k = 0. Taking into 
account relation (7) the second equation (13) is 
fulfilled with high accuracy, and from the first 
equation we obtain the following relation for the 
parameter s0:

( )0
1 1 8 .

8 3Re eff

s π
π α

 
 = +
 
 

 (14)

This means that when such a value s0 is 
reached from the range of  acceptable values 
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the refractive index of  the composite vanishes. 
For other values s0, values of  n and k can be 
achieved close to zero, while n >> k. Below, we 
will present the results of  numerical simulation 
of  the possible values n and k the composite for 
random values of  s0.

On Fig. 1 shows the correspondence between 
the possible values of  the refractive index of  the 
composite from the interval [0, ∆n2] with the 
possible values of  the random parameter s0. The 
value ∆n2 = 0.36 is determined from the location 
of  the interference minima in the reflection and 
transmission spectra of  a layer with a thickness 
of  d2 = 3.5 µm [7].

On Fig. 2 presents the results of  numerical 
simulation of  the refractive and absorption 

indices of  the composite at various values 
of  the structure factor and wavelength. As 
can be seen from Fig. 2(a-c) at corresponding 
values in the infrared wavelength region the 
absorption index of  the composite reaches 
large values, that is, in this wavelength region 
the composite has strong absorption. In this 
case the refractive index of  the composite in 
this wavelength region is equal to zero. On 
Fig. 2(d,e) shows that in a wide wavelength 
range from 400 to 1200 nm the absorption 
coefficient vanishes. In this case, the 
refractive index of  the composite with silver 
nanoparticles varies in the range from 0.46 to 
0.12 depending on the value of  the structure 
factor.

On Fig. 3 shows the experimental values of  
the refractive index n and the optical reflection 
coefficient R at a wavelength of  628 nm for 
coatings made of  Ag@PMMA metamaterial 
of  various thicknesses from 5 µm to 30 µm on 
a glass plate. It can be seen that the measured 
values of  the refractive index are in good 
agreement with the calculated ones.

Taking into account the experimental 
data obtained from [7] and presented in this 
paper in Fig. 3 it can be concluded that in 
the synthesized composite with a 3 wt.% and 
thickness from 3 µm to 30 µm, the values of  
the parameter s0 lie in the range from 0.79 to 
0.81.

OPTICAL METAMATERIAL WITH NEAR-ZERO RANDOM REFRACTIVE INDEXNANOSYSTEMS

Fig. 1. Correspondence between the structure factor and the 
refractive index of  a metamaterial Ag@PMMA.

a
Fig. 2a
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b

c

d

e
Fig. 2. Values n and k depending on the structure factor and wavelength. The radius of  silver nanoparticles is a = 2.5 nm, 

the mass content of  silver in the polymer is 3 wt. %, refractive index of  PMMA is nm = 1.49;
a)s0 = 0.764, b)s0 = 0.766, c)s0 = 0.773, d)s0 = 0.785, e)s0 = 0.795.
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5. CONCLUSION
It is shown that a low weight content of  metal 
inclusions in a composite metamaterial can 
greatly change the optical properties of  the 
dielectric matrix. The transition to the concept 
of  a discrete-continuous medium made it 
possible to obtain a formula for the complex 
refractive index which only in a particular case 
coincides with the Garnett formula. A model 
of  a discrete-continuous medium is proposed 
in which the retarded part of  the dipole field 
in the vicinity of  observation points is nonzero 
for any type of  symmetry in the arrangement of  
silver nanoparticles in a dielectric matrix, which 
is a manifestation of  the near-field effect. The 
calculation of  the structure factor is associated 
with the calculation of  the lattice sums of  
an ideal cubic lattice in which the role of  the 
lattice constant is played by the average distance 
between the centers of  spherical nanoparticles. 
In this case, the random deviation from the 
ideal lattice is determined using a random  
parameter order of  unity. It is shown that when 
the product of  the structural factor and the 
effective polarizability of  a metamaterial are 
equal to unity, it is possible to achieve zero and 
close to zero values of  the refractive index of  
such a material. Based on experimental data with 
Ag@PMMA metamaterial coatings of  various 
thicknesses from 5 µm to 30 µm on a glass plate, 

the measurement results were compared with 
calculated data, which showed good agreement 
between experiment and theory.
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1. INTRODUCTION
The search for information carriers (processes 
and signals) with increased information 
capacity, as well as mathematical algorithms 
that generate such processes, is the most urgent 
task in the development of  new information 
technologies. Such information carriers can 
be graphics, texts, musical notations, numbers, 
as well as electromagnetic signals that are 
used in modern telecommunication systems. 
Information in these systems is recorded, 
processed and transmitted either in the form of  
a continuous electrical signal – an analog form 
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Abstract: Perspective directions of  using information technologies based on dynamic chaos 
for the transmission, processing, storage and protection of  information are considered. 
On the basis of  nonlinear systems with chaotic dynamics, finite-dimensional generating 
mathematical algorithms have been developed for the synthesis of  chaotic encoding signals 
with increased structural complexity. The analysis of  structural and fractal complexity of  
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of  information coding, or in the form of  a 
sequence of  electrical impulses – a digital form 
of  coding. With analog coding, the necessary 
information is transmitted with appropriate 
modulation of  the amplitude, frequency 
or phase of  oscillations of  a continuous 
electrical signal. In digital form, information 
is represented in the form of  a binary code 
0, 1. Due to good protection against errors 
and interference, high processing speeds in 
computer systems and high transmission 
density over communication channels, digital 
codes are predominantly common in modern 
radio relay systems.

The trend observed in recent years of  
the global propagation of  various open 
telecommunication systems and a sharp 
increase in the number of  subscribers lead to 
the need to protect information not only at the 
level of  government agencies, special services 
or business groups, but also at the level of  
almost every individual user. In information 
networks, this problem is associated not so 
much with the confidentiality of  information 
as with the loss of  information due to the low 
noise immunity of  various communication 
channels [1].

The saturation of  the frequency range with 
traditional multi-channel communications 
based on the principle of  frequency division 
of  channels has led to the development of  new 
coding methods for the so-called code division 
of  channels, in which coding streams of  
random (pseudo-random) numbers (CDMA-
technology) are used as codes. When streaming 
information coding using continuous random 
coding streams with a uniform distribution 
function, maximum noise immunity  is ensured, 
and hence the maximum cryptographic 
strength of  the information channel. It should 
be noted that in telecommunication systems 
with code division of  subscribers, all subscriber 

communication channels operate in a common 
wide frequency band [2].

Currently, a promising direction is actively 
developing in radio-relay communication 
systems, and especially in radar, representing 
wideband and ultra-wideband technologies. 
Within the framework of  this direction, it 
seems possible to move to a qualitatively new 
level of  solving problems of  noise immunity 
and information protection in communication 
channels, as well as remote radar detection of  
objects. For example, in addition to the standard 
radar energy criterion (at the "yes"/"no" level) 
of  detecting an object against the background 
of  noise and the underlying surface, one can 
proceed to the formation of  a radar portrait 
of  an object and the development of  systems 
for automatically recognizing an object by 
his portrait, which qualitatively increases the 
information capabilities radar systems. Radar 
signals with a wide spectrum of  frequencies 
allow for high-precision, informative 
measurements of  the parameters of  reflecting 
objects in difficult electromagnetic conditions 
under the influence of  active and passive 
interferences.

Increasing the accuracy and resolution of  
radar measurements is associated with the 
complication of  the structure and the expansion 
of  the frequency band of  the probing signal. 
Such broadening can be achieved either by 
pulse shortening, or by using frequency or 
phase modulation of  a continuous or quasi-
continuous carrier. The limiting case of  a 
continuous wideband probing signal is the so-
called white noise with a uniform spectrum, i.e. 
a signal having an uncertainty function of  the 
δ-function type. Such a signal provides high-
precision, unambiguous measurements of  both 
the range to the target and the radial component 
of  the target's velocity. An additional advantage 
of  continuous wideband noise is the ability to 
provide a good signal-to-noise ratio at the input 
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of  the receiver compared to pulsed signals. 
In the case of  ultrashort pulses, to obtain a 
satisfactory signal-to-noise ratio, a huge pulse 
signal power is required, while in continuous 
operation, the required signal-to-noise ratio is 
easily achieved at a power that is much lower 
than the power per pulse.

Wideband noise-like signals (WBS) due 
to their specific features, such as low spectral 
density, high noise immunity in relation to 
stationary and organized interference of  high 
power, the ability to separate by code, high 
resistance in multipath propagation, high 
resolution in measuring distances, all more 
widely used in  various  radioengineering 
systems. WBSs are used in the construction 
of  satellite communication and navigation 
systems, cellular mobile radio communication 
systems, local radio networks, communication 
systems inside buildings, and in a number of  
other systems [3].

Recently, in connection with the 
development of  multiuser communication 
systems, such a class of  wideband signals as 
signals with code spreading spectrum [4]. The 
frequency band of  the transmitted signal with 
code spreading spectrum can be much wider 
than the frequency band of  the information 
message. For many communication systems, it 
is important to be able to transmit information 
simultaneously to several users over the same 
communication line due to code division of  
subscriber channels (CDMA technology).

Wideband signals are formed by expanding 
the frequency band of  the information signal 
and (or) by expanding the carrier. Broadening 
the signal frequency band is achieved by 
modulating the carrier wave according to the 
law of  transmitted messages, for example, 
frequency modulation with a large index, 
phase shift keying using a pseudo-random 
sequence of  short binary symbols. Frequency 
band expansion is also characteristic of  digital 

signals with additional, noise immunity coding, 
since the introduction of  redundant symbols 
while maintaining a constant messages rate 
leads to the need to reduce the duration of  
each symbol. In this case, the frequency band 
of  the transmitted encoded signal is extended 
[5].

An effective extension function must satisfy 
certain requirements regarding frequencies 
bandwidth, receiver structure, and message 
transmission method. The extension function 
should be deterministic over a relatively large 
time interval and have a uniform noise-like 
spectrum in a wide frequency band (large 
base), hence a narrow autocorrelation function 
with small side ejections [6].

An ensemble of  extension functions 
used by different systems or a single multi-
channel system should have good cross-
correlation and group properties. The 
expansion function can be continuous 
analog or discrete digital. The formation 
of  wideband pseudo-random signals is 
most promising to be carried out by digital 
signal processing methods. In this case, the 
extension functions are formed on the basis 
of  digital code sequences. In some cases, 
it is possible to simultaneously expand 
the spectrum of  the signal due to various 
modulation methods, when, for example, 
along with the expanding function, digital, 
noise immunity coding of  messages by 
recovery codes is used.

A number of  fairly stringent requirements 
are imposed on the type and quality of  signals 
in radio engineering systems with WBS:

1) the signal must be sufficiently wideband: 
signal base B, i.e. the product of  the signal 
duration T and its bandwidth F must be 
much greater than one;
2) the noise spectral density in the 
transmission channel band must be 
uniform;
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3) the autocorrelation function (ACF) of  the 
signal should have one narrow peak and small 
side ejections in the interval T;
4) the signal must be reproducible in the receiving 
device in the case of  a correlation method of  
reception.
Such signals are usually formed on the basis of  

pseudo-random code sequences.
Binary pseudo-random sequences (PRS) must 

satisfy three randomness criteria:
• a balanced of  the binary code;
• for a binary code, the probability of  a block 

of  k identical symbols appearing should be 
close to 1/2k;

• the result of  summing the code modulo 
2 with its cyclic shift should also give a 
balanced code.

1.1. pseudorandom codinG sequences

It is known from information theory that 
stochastic signals generated by random 
processes have the highest information 
capacity [7]. The main problem in the 
development of  information carriers in digital 
telecommunication channels is the difficulty 
in generating random binary sequences using 
a short master key. Mathematical algorithms 
that form pseudo-random sequences (PRS) of  
numerical values based on a key must have a 
number of  necessary properties:

1) an arbitrarily long period of  the non-
periodic segment of  the resulting PRS;
2) statistical semblance of  the resulting 
sequence of  numbers to the properties of  
a purely random sample;
3) the possibility of  software and hardware 
implementation of  a random number 
generator for use in a communication 
channel with the appropriate speed.
It should be specially noted that when 

generating pseudo-random sequences, one of  
the main problems is the need to form long 
implementations when using a short master 
key that determines the initial conditions.

In the software implementation of  
algorithms for generating pseudo-random 
processes, the computer operates with discrete 
numbers in a binary representation with a 
finite number of  discharges. Taking into 
account this limitation on the finite word 
capacity of  numbers in a computer, the total 
volume of  the phase space (PS), any point of  
which corresponds to the unambiguous state 
of  the system, is limited, and, accordingly, any 
algorithmic method of  formation must sooner 
or later come to the periodic repetition of  the 
same segments of  the generated sequence, that 
is, to come to the cycle, although its period can 
be very large and even infinite from the point 
of  view of  a number of  practical applications  
[8].

The requirements for the properties 
of  sequences of  pseudo-random numbers 
depend on specific applications and, as a 
rule, one algorithm is not able to satisfy all 
these requirements. In the general case, we 
can formulate the main requirements for 
PRS [9]:

– high quality: PRS according to statistical 
criteria should be close to a random process 
and have the longest possible period;
– efficiency: the algorithm should be fast 
and occupy as little memory as possible;
–  reproducibility: with exact reproduction 
of  the initial conditions of  the algorithm, 
the same SRP should be formed on 
implementations of  any duration, and minor 
changes in the initial procedure should lead 
to the generation of  qualitatively different 
sequences;
– simplicity: the formula of  the algorithm 
should be easy to implement and use.
All of  the above emphasizes the relevance 

of  the search for new deterministic algorithms 
that provide the formation of  streams of  
pseudo-random numbers that satisfy various 
systems of  requirements.
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In the public literature, there is practically no 
information about the methods for developing 
algorithms for generating pseudo-random 
numbers. The development of  new algorithms 
requires an understanding of  the regularities 
in the formation of  the PRS of  numbers with 
certain given statistical properties.

From the point of  view of  practical 
application in digital information technologies, 
algorithms defined on a closed interval 
of  integers number are of  interest. Their 
advantage is related to the absence of  the 
need to use any rounding in the process 
of  calculating the terms of  the sequence. 
Accordingly, the calculation results in this 
case will not depend on the bit depth data 
bus in a particular computer and the number 
of  significant digits in the representation of  
fixed-point numbers [10].

Despite the fact that quite a lot of  
algorithms for generating PRSs are known, in 
practice, to generate binary PRSs, as a rule, a 
recurrent algorithm is used, when, based on 
a linear recurrent relation and some initial 
values, an infinite sequence is constructed, 
each subsequent term of  which is determined 
from the previous ones. Binary sequences 
based on recurrence relations are quite easily 
implemented on a computer in the form of  
programs and circuitry based on high-speed 
multi-bit binary shift registers

Attempts to adapt operations on real 
numbers for digital algorithms ended in 
failure, since replacing a real number with its 
approximate value greatly changes the statistics 
of  the resulting sequence. The rounding 
operation introduces an unpredictable 
perturbation into the generating algorithm, and 
the resulting sequence ceases to be statistically 
independent, and therefore random.

The main method for obtaining PRS at 
present is the formation of  M-sequences 
(sequences of  the maximum period) based on 

shift registers, when the numerical value of  
the sequence is currently determined by linear 
relationships with a certain weight (code) 
in relation to the previous members of  the 
sequence. In this case, the weight coefficients 
are selected in such a way as to ensure a rapid 
drop in the correlation function to values of  
the order of  1/ ,N where N is the length of  
the period of  the M-sequence. The biggest 
disadvantage of  this method is the lack of  
a mathematical apparatus that allows one to 
obtain algebraic polynomials that generate 
sequences of  the maximum period of  an 
arbitrarily large degree, moreover, information 
about high degree polynomials suitable for 
noise immunity  coding is extremely secret 
[11].

The known classes of  RPSs, both linear 
(M-sequences, sequences of  Hadamard, 
Gold, Kasami, etc.) and non-linear (Legendre 
sequences, bent-sequences, etc.), have certain 
disadvantages and do not satisfy some of  the 
requirements listed above. A certain solution 
to the problem is provided by the use of  noise-
like signals generated by nonlinear systems with 
dynamic chaos. Such noise-like signals, having 
correlation properties no worse than those of  
M-sequences, have a practically unlimited set 
of  lengths, can form ensembles of  signals of  
large volumes and are non-linear, which makes 
it difficult to recognize them for subsequent 
reproduction.

All known dynamical systems with a small 
number of  degrees of  freedom that have 
dynamic chaos ("strange attractor") – Lorentz 
attractor, Ressler attractor, Chua systems, 
ring systems with delay and purely amplitude 
nonlinearity – also do not provide correlation 
functions with the necessary parameters [12].

Good statistical properties are possessed 
by dynamic systems in which both dissipative 
(amplitude) nonlinearity and reactive (phase) 
nonlinearity are present. In self-oscillatory 
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systems with phase nonlinearity and delay, as 
a result of  the existence of  phase nonlinearity, 
the phase balance conditions and mode 
synchronization conditions are violated, and in 
the process of  chaotization of  oscillations, the 
intraspectral connections are weakened and the 
correlations in the generated signal split faster 
(compared to other autostochastic systems). 
Signals with good correlation properties 
can be obtained in the class of  nonlinear 
ring systems with delay, in which both active 
(amplitude) and reactive (phase) nonlinearities 
are simultaneously present.

At the same time, the fundamental feature 
of  the algorithms that describe a system with 
dynamic chaos is their non-linearity, and the 
feature of  the generated time process is its 
non-periodicity.

Systems with chaotic nonlinear dynamics 
differ from traditional self-oscillatory systems, 
which are imaged in the phase space as limit 
cycles in the form of  closed non-intersecting 
curves on a plane or multidimensional tori 
in the case of  a large number of  degrees of  
freedom of  the system. The trajectories of  
a system with chaotic dynamics contract in 
the phase space not to limit cycles, but to 
complex multidimensional surfaces, which 
are commonly called "strange attractors" and 
which are Cantor sets with a fractal (fractional) 
dimension [13].

Dynamic systems have different attractors, 
and, consequently, the generated processes 
corresponding to them and the signal systems 
built on their basis will have different properties 
[14]. An algorithmic approach based on the 
use of  the phenomenon of  dynamic chaos 
will make it possible to purposefully form 
systems of  noise-like signals with the desired 
properties.

The application of  this approach makes 
it possible to create a new class of  pseudo-
random sequences for use in radio engineering 

information transmission systems – wideband 
chaotic signals, which fully meet all of  the 
above requirements.

The purpose of  this work is to develop and 
study the properties of  pseudo-random coding 
signals generated by generative recurrent 
algorithms based on systems with chaotic 
dynamics to create expanding functions in 
Spread Spectrum widedband information 
technologies.

2. WIDEBAND SIGNALS BASED ON 
CHAOTIC DISCRETE ALGORITHMS 
WITH NONLINEAR DYNAMICS
At present, the most promising method for 
forming pseudorandom sequences is the 
use of  chaotic algorithms that describe the 
complex nonequilibrium behavior of  nonlinear 
dynamic systems. Nonlinear dynamic systems 
that generate chaos have extremely high 
information content, which makes it possible to 
implement many different types of  oscillations 
with a wide spectrum in the same analog or 
digital circuit.

For application in radio engineering 
systems, a new class of  random sequences is 
proposed, which are formed on the basis of  
algorithms that describe the behavior of  self-
oscillating systems with delay, having dynamic 
chaos modes. A feature of  such systems is 
their non-linearity and non-periodicity of  the 
time process generated by them. By changing 
the parameters of  such a dynamic system and 
the initial conditions, it is possible to change 
the nature of  its behavior over a wide range 
and thereby purposefully control the type and 
properties of  the generated chaotic signal.

The proposed algorithms for generating 
a chaotic signal simulate the behavior of  ring 
self-oscillatory systems with delayed feedback 
and strong amplitude-phase nonlinearity 
[15]. When the signal circulates through the 
feedback loop, the non-linearity of  the system 
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leads to an expansion of  the signal spectrum. 
The width of  this spectrum is limited by the 
filtering properties of  the self-oscillatory 
system. The relationship between these two 
competing factors – non-linearity that spreads 
the spectrum and filtering that narrows the 
spectrum – allows you to create a chaotic 
signal with a given spectral width. The signals 
generated in this case belong to the class of  
wideband chaotic signals. The scheme of  such 
a system can be represented as a ring of  three 
blocks:
→ (1 non-linearity) F̂ → →  , (2 delay) 

[ ]T→ → , (3 filter operator) Φ̂ → → 
A block diagram of  such a system is shown 

in Fig. 1. The mechanism of  self-oscillations in 
such a system, accompanied by stochastization, 
can be described by an integral equation, where 
the action of  all three of  these functional 
blocks is sequentially taken into account [16]:

( ) ( ) ( ) ,x t g t F T dτ τ τ
∞∧ ∧

−∞

= − −∫  (1)

which can be converted to a discrete form if  we 
introduce a rectangular filtering of  the signal, 
represent the functions g and F̂  in the form 
of  orthogonal Kotelnikov series, and perform 
some transformations [17]:

1
ˆˆ ˆ[1 exp( )] exp( ) ,k k Nz kx h F h x− −= − − + −  (2)

where: x = aexp(iφ), a – amplitude, φ – 
signal phase, Fk = F(ak)exp{i[φk + Φ(ak)]}, 
F(a) and Ф(a) – nonlinear transformation 
functions amplitude and phase of  the signal, 

h – discretization, selected in accordance with 
the Kotelnikov theorem, Nz – delay parameter 
(the number of  samples in the interval of  the 
delay duration).

The form of  the functions F(a) and Ф(a) 
together with the values of  the parameters h 
and Nz determines the nature of  the formed 
chaotic process and its statistical properties. 
Nonlinear functions for converting the 
amplitude and phase of  the signal F(a) 
and Ф(a), which determine the process of  
stochastization of  oscillations in a given 
dynamic system, depending on the choice 
of  the type of  nonlinear amplifier, can be 
quite complex. The determining factor for 
obtaining the desired statistical properties 
of  the signal is the presence of  a steep slope 
of  the phase characteristic with respect to 
the value of  the signal at the input of  the 
nonlinear element.

The phase space of  a dynamic system 
with delay is n-dimensional, where n is the 
number of  values that uniquely determine 
the behavior of  the system at each next step. 
For a system with a delay, the dimension of  
the phase space is determined by the number 
of  dynamic variables and the duration of  the 
feedback delay, presented in a discrete form.

A special place among the algorithms 
for the formation of  random sequences is 
occupied by the algorithms for the formation 
of  integer sequences. Usually they are defined 
on a finite set of  integers, which is due to the 
bit depth limitation used to represent integers 
in digital technology. The advantage of  
integer sequences is that they are identically 
reproduced on various types of  computing 
devices and, when implemented in hardware, 
are easily reproduced circuitry.

In the practical implementation of  a new 
class of  signals in digital communication 
technology, which is based mainly on a binary 

INFORMATION TECHNOLOGIES

Fig. 1. Block diagram of  a nonlinear ring system with 
delay, in which both active (amplitude) and reactive (phase) 

nonlinearities are simultaneously present.
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code, there are two possibilities for obtaining 
binary signals. The first method is associated 
with clipping multilevel signals obtained 
as a result of  calculations. This method is 
associated with a large loss of  information 
embedded in the original multilevel signal, 
but, fortunately, the correlation properties 
of  the signals wherein practically do not 
deteriorate.

The second method is a direct construction 
of  discrete self-oscillatory systems. The 
algorithm for obtaining a binary signal in a 
self-oscillatory system has the form:

1(1 ) [ ( )] ,
( ) [ ],

h h
k k N k

k k

x e sign F x e x
F x sign x

− −
− −= − +

=
 (3)

The ratio is obtained directly from equation 
(2).

On the basis of  a mathematical model 
of  a ring self-oscillatory system with strong 
amplitude-phase nonlinearity, filtering and 
delay, a discrete generating algorithm for a 
chaotic signal has been developed and studied, 
which belongs to the class of  algorithms of  
the recurrent-parametric type with delay. 
The general form of  the algorithm of  this 
class has the form of  a discrete functional 
transformation (mapping) of  the form

1 2( ),n n n n Nzx f x ,x ,...,x− − −=  (4)
where xn and xn-1 are, respectively, the 
newly calculated member of  the generated 
pseudo-random sequence at the n-th step 
and the previous member of  this sequence 
at the (n – 1)-th step, Nz is the delay 
parameter that determines the number of  
sequence members on delay interval xn-1, 
xn-2, ..., xn-Nz, which completely determine 
the new value of  xn and which must be set 
as the initial condition at the first step, and 
the function f(x) reflects the amplitude and 
phase transformations in the generating ring 
self-oscillating system in chaos mode. The 
algorithm is defined on the set M of  integers 

of  the natural series belonging to the closed 
numerical interval [M1, M2], (M2 > M1, M 
= M2 – M1 + 1), and forms a practically 
uncorrelated pseudo-random sequence of  
integers with a probability distribution close 
to uniform, and correlation characteristics 
that meet the requirements for coding 
signals.

A feature of  algorithms with delay is that 
the mapping formula given by them can take 
out a new value xn beyond the domain of  the 
algorithm [M1, M2]. Therefore, the formula 
of  algorithm (4) must be supplemented with 
a special operation that ensures that the xm 
value of  each newly calculated member of  the 
sequence will returned to the given numerical 
interval if  it is outside its boundaries. 
Transformations of  this kind with a mapping 
of  a numerical set "into itself" have been 
known for a long time. The well-known 
“baker” transformation [18] can serve as an 
example. Other types of  transformations are 
also possible, but among them it is necessary 
to highlight those that do not significantly 
change the probability distribution of  the 
generated numbers.

The cardinality of  the used set of  integers 
is much less than the cardinality of  the 
continuum of  the continuous set on which 
the dynamical system is defined. As a result of  
this limitation, in the process of  algorithmic 
formation of  such sequences, with an increase 
in the number of  their members, an inevitable 
exit to a cycle takes place, which is an analogue 
of  the limit cycle of  dynamical systems defined 
on a continuous numerical set. At the same 
time, it is important that, on the interval before 
reaching the repetition period corresponding 
to this cycle, the sequences implemented 
algorithmically have statistical properties close 
to those of  truly random sequences.

The used algorithm with a delay has the 
property that in order to uniquely determine 
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the entire subsequent “trajectory”, it is 
necessary to specify all Nz values on the 
delay interval. Hence it follows that if  in 
the sequence generated by the algorithm 
two non-overlapping sections (segments) of  
length Nz completely coincide, separated by 
a distance L of  algorithm computation steps 
between the beginnings of  the segments (L 
> Nz), then the sequence will be periodic 
with period T = L. The probability of  
occurrence such an event for an algorithm 
defined on the integer interval [0, 255] of  
the order of  the reciprocal value of  the 
volume of  the phase space
P(256, n)~1/(256)n = 3·10-39 for n = Nz = 16.

The result obtained can be interpreted 
as an estimate of  the possible period of  the 
sequence generated by the algorithm. The 
value of  the latter, therefore, can be T ≈ 
1038 (for Nz = 16) sequence members. This 
estimate should be considered as the probable 
value of  the existence of  a period in the 
generated sequence at M = 256 and Nz = 16. 
It follows that as the delay Nz increases, the 
probability of  the occurrence of  a period in 
the sequence generated by the algorithm can 
be made negligible.

The chaotic signal algorithm under 
consideration generates a multilevel integer 
signal{x } [0,  255].n ∈  In practice, systems of  
binary signals are also widely used. Such a 
signal can be obtained from a multilevel one 
using the clipping operation.

The most complete information about the 
statistical properties of  discrete sequences 
is given by the analysis of  the probability 
distributions of  the numbers p(x) and the 
distributions of  conditional probabilities

( ,  ),  1, 2,3 1,2,3n kp i j x / ix j = ,...,N, n,k = ,...,M,+  
i.e. the probability of  generating the number 
xn at the (i+j)-th step of  the algorithm, if  the 
number xk was obtained at the i-th step. In 

this case, the definition domain of  the discrete 
algorithm is an arbitrary closed integer interval 
[M1, M2], M = M2 – M1 + 1, 1 2[ ,  ].nx M M∈

If  the distribution of  conditional 
probabilities for any j practically coincides 
with the uniform distribution, then it 
follows that all transition probabilities 

( ,  ) 1/ ,  1, 2,3n kp i j x / ix M j = ,...+ ≈  for an 
arbitrary choice of i. At the same time, if  
the probability distribution of  the generated 
numbers p(x) is close to uniform, then the 
probability of  the value xn is practically also 
equal to 1/M. Thus, the transition probabilities 
to the state xn at the j-th step coincide with 
the probability of  this value at this step, 
regardless of  the values of  the sequence at 
the previous steps of  the algorithm, which is 
typical for random sequences in independent 
trials. Moreover, the pseudo-random sequence 
formed by such an algorithm will be close in 
its probabilistic characteristics to the sequence 
of  independent equally probable numbers 
from the interval [M1, M2]. In the latter case, 
the given sequence can be expected to have the 
best statistical properties. The establishment 
of  such a fact emphasizes the importance 
of  studying the distributions of  conditional 
probabilities for a priori judgments about 
the quality of  the generated pseudo-random 
sequences.

To characterize the conditional distributions 
p(xi+j/xi), the position of  the points (xi+j,xi) on 
the plane for the map xi+j = func(xi) defined by 
the discrete algorithm is of  great importance 
for the corresponding values j = 1, 2 , 3,… 
and i = 1, 2, 3,…, N. Obtaining the scatter 
of  points (xi+j, xi) and visualizing it on the 
screen does not require large computational 
resources compared to the direct calculation 
of  conditional probabilities, and although the 
nature of  this scatter does not directly give 
the shape of  the distribution of  conditional 
probabilities, nevertheless, the visualization of  
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the scatter indicates the degree of  regularity of  
these distributions, the presence of  functional 
connections, the existence of  forbidden 
transitions, and even entire forbidden zones, 
which inevitably affects the correlation and 
other statistical properties of  the sequence.

It was shown that with an appropriate 
choice of  parameters, discrete algorithms 
with delay form long non-periodic segments 
of  pseudo-random sequences with a uniform 
probability distribution, which, in terms of  
statistical and correlation parameters, are close 
to the characteristics of  a random equiprobable 
process.

3. STRUCTURAL AND FRACTAL 
COMPLEXITIES OF CHAOTIC 
DISCRETE SIGNALS
For the effective implementation of  chaotic 
signals in radio engineering complexes, 
telecommunication systems, as well as for their 
use as an information carrier in new generation 
information technologies, it is necessary to 
develop methods for assessing the structural 
complexity and fractal dimension these signals.

For this purpose, in this paper, we analyzed 
the simplest algorithms for generating pseudo-
random sequences of  integers {xn} with 
delay, using the Fibonacci mapping and its 
modifications:
Algorithm F-1 1 ( 1) n Kzx

n n n Nzx x x−
− −= + −      (1)

Algorithm F-2 1 ( 1) n Nzx
n n n Nzx x x−

− −= + −      (2)
Algorithm F-3 1n n n Nzx x x− −= +       (3)
where Nz and Kz are algorithms parameters, 
2 ≤ Kz ≤ (Nz – 1). In contrast to [6], the 
sign in front of  the retarded term in F-1, F-2 
does not change randomly independently, 
but is determined by the internal dynamics 
of  the system. The feedback parameter Nz 
determines the dimension of  the phase 
space of  the algorithm and, accordingly, the 
dimension of  the radius vector Rn(xn-1, xn-2, ..., 

xn-Nz) of  the state of  the discrete dynamical 
system at each step.

The phase space (PS) of  the Fibonacci 
mapping of  dimension Nz is not limited. For 
the practical application of  PRS algorithms in 
radio engineering systems and the formation of  
modulating digital signals of  finite bit capacity, 
it is necessary to set the domain of  definition 
of  the algorithm on a finite set of  numbers of  
a closed interval of  the natural series [1, M], 
where M > 1. For this, mappings (1-3) must be 
supplemented by the operation of  converting 
the numerical interval [1, M] into itself, for 
example, of  the following form:

,            [1, ]
,   
,   1.

n n n

n n n

n n n

x x if x M
x x M if x M
x x + M if x

= ∈
= − >

= <

 

 

 

This transformation, corresponding to 
the contraction of  the segment [1, M] into a 
ring, plays an important role in the mechanism 
of  the chaotic behavior of  these dynamical 
systems. Firstly, this operation limits the 
volume of  the phase space, making it finite, 
equal to VPS = MNz state points, and, secondly, 
it provides additional mixing of  trajectories 
in the phase space. It should be noted that 
one transformation of  a numerical interval 
into itself  is not enough for effective mixing 
of  trajectories in the phase space. A certain 
mechanism of  chaotization should already 
be contained in the mapping function. In this 
case, this is provided by the properties of  the 
Fibonacci mapping. These two conditions – 
the limited volume of  the phase space and the 
presence of  a powerful mixing mechanism 
– are necessary conditions for the chaotic 
behavior of  any dynamic system.

Algorithm (F-4) based on the Fibonacci 
mapping (3) was also considered as an 
alternative, but with a different operation of  
converting the numerical interval [1, M] into 
itself  – the type of  a reflecting border [19]:
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,              [1, ]
,             2

2    < 2 .

n n n

n n

n n n

x x if x M
x M if x M
x M x , if M x M

= ∈
= =
= − <

 



 

Depending on the choice of  initial 
conditions, the radius vector Rn describes a 
trajectory in the phase space of  the algorithm, 
which is a successive discrete transitions from 
one point of  the state of  a dynamic system (DS) 
to another according to a random law. These 
"trajectories" of  the motion of  a discrete DS 
in the PS, due to the limited volume of  the PS, 
form closed cycles, which, due to the univocal 
of  the transformations, do not intersect and 
have no common points. In addition, cycle 
pools and isolated points can exist in the PS. 
So, for example, when Nz = 4, Kz = 3 and 
M = 5, the PS of  the F-1 algorithm has three 
single cycles with periods of  526, 27, and 8 and 
one isolated point, the PS of  the F-2 algorithm 
contains one 13-cycle cycle with the trajectory 
pool of  611 points leading to this cycle, plus 
one isolated point, the PS of  the F-3 algorithm 
consists of  two cycles with a period of  312 and 
one isolated point. The spectrum of  periods 
of  the F-4 algorithm (the cycle multiplicity is 
indicated in brackets): Т = 36(1), 15(3), 5(1), 
1(1) and 538 points of  the pool of  cycles.

The cycles of  the F-1, F-2, F-3, F-4 
algorithms have an important distinctive 
feature: the behavior of  the dynamic system 
before the cycle is closed (and also on the 
trajectory of  the pool, if  it exists) is chaotic, 
and the non-periodic sequence, which 
generated herewith by the algorithm,  is 
pseudo-random. The set of  points in the PS 
united in a cycle is called a pseudo-random 
cycle if  the non-periodic process formed by 
the algorithm before the cycle is closed has 
a chaotic character, in contrast to the regular 
cycle, which corresponds to a regular process 
before the cycle closes. A pseudo-random 
cycle corresponds to an irregular motion in the 
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phase space, and a regular cycle corresponds 
to a regular one. Of  course, in both cases the 
behavior of  the dynamical system on the cycle 
is completely determined. The trajectory of  a 
pseudorandom cycle is a deterministic set of  
randomly following one after another points 
of  states of  a discrete dynamical system in 
the entire volume of  the phase space of  the 
algorithm. An analogue of  the pseudo-random 
cycle of  a discrete system is a strange attractor 
of  a continuous dynamical system.

Depending on the values of  the 
parameters Nz ≥ 3, Kz and M, in the phase 
space of  the F-1, F-2, F-3 algorithms, there 
are a number of  cycles of  different periods, 
of  which each long (N ~ VPS) cycle before 
its closure corresponds to a non-periodic 
PRS with practically uniform distribution 
of  generated numbers in a given interval 
of  domain of  definition p(x) ≅  1/M and 
with uniform distributions of  conditional 
probabilities. Only for the F-2 algorithm, in 
the distributions of  conditional probabilities 
p(i + 1, xn/i, xk), there are forbidden 
transitions for even or odd numbers, 
depending on the parity of  the number at 
the previous step.

We will consider processes only up to 
the closure of  cycles, i.e. non-periodic 
segments formed by the PRS algorithm. 
These segments can be of  any length 
(arbitrarily large) with an appropriate 
choice of  algorithm parameters and initial 
conditions. Thus, for the F-1 algorithm, 
with the parameter values Nz = 3, M = 63, 
the length of  the non-periodic PRS is N = 
7.8317·104 (N/VPS = 0.31), with Nz = 5, M 
= 63, the length of  the non-periodic PRS 
is N = 3.3174·108 (N/VPS = 0.33), at Nz = 
7, M = 63 N = 1.676·1012 (N/VPS = 0.425), 
at Nz = 9, M = 63, the length of  the non-
periodic PRS is more than 5·1012 steps of  the 
algorithm, in the latter case the volume of  
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the phase space is VPS = 1.56·1016. Long and 
extra-long coding sequences are needed to 
ensure the operation of  complex navigation 
systems such as NAVSTAR and GLONASS.

For comparison, as an example of  a PRS 
with a non-uniform probability distribution 
function of  the generated numbers, the results 
of  a study of  the F-4 algorithm are given. It 
is shown that for the PRS formed by the F-4 
algorithm, the probability distribution density 
p(x) decreases monotonically towards the 
beginning of  interval of  domain of  definition 
[1, M].

To characterize the fractal properties of  a 
chaotic set of  points on the PRS, we confine 
ourselves to an analysis of  the geometric 
(Euclidean) and correlation dimensions. The 
numerical experiment was carried out for small 
values of  the parameters of  the algorithms Nz 
= 4, M = 11, the length of  the studied PRS of  
N = 500 numbers, which is of  fundamental 
importance for estimating the majority 
properties of  pseudorandom cycles. With 
an increase in the dimension of  algorithms, 
the nature of  the behavior of  a discrete DS 
becomes much more complicated and the 
statistical characteristics of  the formed PRSs 
improve.

An estimate of  the correlation dimension 
D2 of  the pseudorandom cycle under study 
can be given based on the calculation of  the 
correlation integral C(l) given on the set of  
distances l between all pairs of  state vectors 
on the cycle in the PS, plotting the dependence 
log2C(l) = f(log2l) shown in Fig. 2, and 
determining the slope of  a straight section on 
it [20].

For the F-1 algorithm with parameters 
Nz = 4, Kz = 2, M = 11, the correlation 
dimension of  the set of  points on the cycle 
with the initial vector R0(8, 6, 7, 1) (curve 
1) is equal to D2 = 3.3. The obtained value 
agrees with the geometric dimension D0 = 

4, D2/D0 = 0.83. The value of  the latter 
ratio can serve as a characteristic of  the 
degree of  uniformity of  the filling of  the 
full volume of  the PS with cycle points. As 
the analysis showed, the studied cycle with 
the initial vector R0(8, 6, 7, 1) corresponds 
to a non-periodic PRS of  length N = 14030 
with a distribution of  generated numbers 
close to uniform.

The linear section of  the graph (curve 2) 
obtained for the set of  points of  the basin 
trajectory and the cycle in the phase space 
of  the F-2 algorithm (Nz = 4, M = 11, 
R0(1, 1, 1, 1), N = 500) has several a smaller 
slope, which corresponds to the value of  the 
correlation dimension about D2 = 3.0. Curve 
3 in Fig. 2 corresponds to the logarithm 
of  the correlation integral for the pseudo-
random cycle with R0(1, 6, 6, 7) of  the tested 
F-3 algorithm, Nz = 4, M = 11, N = 500. 
Graphs 1 and 3 of  the function log2C(l) 
= f(log2l) in Fig. 2 almost exactly repeat 
each other and have an extended rectilinear 
section with a slope D2 = 3.3, which makes it 
possible to obtain a quantitative estimate of  
the uniformity of  space filling with DS state 
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Fig. 2. Dependence of  log2C(l) on log2l for algorithms F-1, 
F-2, F-3 and F-4.
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points on pseudorandom cycles. We note that 
to the F-1 and F-3 algorithms correspond to 
the PRS with good statistical and correlation 
properties, especially when the delay Nz 
increases more than 5.

For the F-4 algorithm cycle with parameters 
Nz = 4, M = 17, sequence length N = 500, 
initial radius vector R0(7, 14, 6, 15), period T = 
613, dependency log2C(l) = f(log2l) (curve 4 in 
Fig. 2) does not have a clearly defined straight 
section. This means that the correlation 
integral has significant deviations from the 
C(l) ~ l–D law and, consequently, the points of  
this pseudorandom cycle are unevenly located 
in the PS.

To estimate the degree of  complexity of  
the chaotic process generated by the algorithm, 
it is necessary to determine the homogeneity 
of  the attractor in the PS on all discrete time 
scales. Determining the correlation dimension 
of  attractors requires a large amount of  
computational resources, especially in the 
case of  a high-dimensional DS, so it makes 
sense to study the structural properties of  the 
implementation of  a pseudo-random process, 
which is a projection of  the DS motion 
trajectory in the PS onto one of  the directions 
in this space.

Fractal analysis can be applied not only to 
a chaotic set of  points in a multidimensional 
PS, but also to a one-dimensional set of  
implementation numbers of  the PRS. 
Definition by the standard method of  the 
correlation dimension applied to a one-
dimensional (D0 = 1) chaotic array of  N = 
1000 PRS numbers, formed by the F-1, F-2, 
F-3, F-4 algorithms with parameters Nz = 
16, M = 21 gave the following results. For all 
tested algorithms, the value of  the correlation 
dimension is within D2 = D2/D0 = 0.91÷0.96, 
including for the random number generator 
RND(Maple) (M = 21). The obtained values 
of  the ratio D2/D0 indicate a fairly good 

uniformity of  filling the interval [1, M] with 
generated numbers. This is confirmed by the 
analysis of  the one-dimensional probability 
distribution of  the numbers in the sequence. 
But on the basis of  these data, nothing can 
be said about the structural complexity of  
the PRS and, most importantly, how close 
it is to a sequence of  independent random 
events, which can be considered as a standard 
of  chaotic behavior. To this end, we study 
the local structure of  the PRS based on the 
analysis of  fractal geometry.

A random sequence of  integers can be 
viewed as a discrete topology of  a complex 
geometric relief  ("coastline"). To estimate 
the geometric structural complexity, we study 
changes in the distance successively between 
neighboring points of  such a relief  in a window 
of  a given scale. In other words, based on the 
implementation data of  the PRS of  length N, 
we proceed to the analysis of  the algebraic 
sequence
{y },  1, 2,..., (N 1),
y [0,  ( 1)].

n n n N

n

x x n
M

−= − = −

∈ −
Following the method of  calculating the 

correlation integral, we calculate the number 
N(l) of  the occurrence of  identical events 
yn = l, l = 0, 1, 2,… (M – 1) in a sequence 
of  (N – 1) terms and plot the frequency of  
occurrence of  such events p(l) = N(l)/(N–1) 
depending on l (Fig. 3).

Fig. 3. Probabilities of  differences of  numbers
l = |xn – xn+1| in sequence implementations.
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Calculations were performed for the PRS 
of  length N = 50000. Curve 1 corresponds 
to the F-1 algorithm with parameters Nz 
= 16, Kz = 9, M = 21. This plot almost 
exactly repeats the corresponding theoretical 
dependence for a sequence of  statistically 
independent equiprobable numbers – ( )p l∋ , 
which is taken as the standard. As the latter, 
one can also use the experimentally obtained 
values of  p(l) for the PRS in the case of  their 
closeness to the theoretical ones, for example, 
for the PRS formed by the RND random 
number generator or the F-1 algorithm. The 
total deviation module of  the values pi = p(li) 
obtained for the analyzed process from the 
reference values – .i is p p∋= −∑  The value 
S = 1/(s + 1) can be taken as a measure of  
the structural complexity of  this process {xn}. 
Curves 2, 3, and 5, obtained by analyzing the 
F-2 and F-3 algorithms with the same large PS 
dimension (Nz = 16, M = 21) and the random 
number generator RND(Maple) with M = 21, 
also differ little from reference graph. Curve 4 
corresponds to the F-4 algorithm with a non-
uniform distribution of  the generated numbers 
p(x).

Graphs 6, 7, 8 and 9 are constructed 
for the modified PRS of  the F-1 algorithm 
in order to model discrete processes with 
different types of  distribution function p(x) 
of  numbers (average value xav, rms deviation 
σ, skewness coefficients γ1 and kurtosis γ2) 
and autocorrelation interval τcor. Curves 
4, 6, 7, 8, and 9 differ noticeably from the 
reference one, which indicates the high 
informativeness of  the proposed method 
for estimating the structural complexity of  
algorithms by plotting the relative frequency 
of  observation of  the magnitude of  the 
difference between neighboring numbers 
in the implementation of  the PRS p(l) = 
f(l). This method does not require large 
amounts of  computing resources compared 

to the methods of  statistical, correlation 
and fractal analysis.

Table 1 summarizes the results of  
numerical experiments for all tested algorithms 
(parameters of  Fibonacci type algorithms: Nz 
= 16, M = 21, implementation length N = 
50000).

It can be seen from the given data that all 
three algorithms F-1, F-2 and F-3 based on 
the Fibonacci mapping, as well as the certified 
random number generator RND, demonstrate 
a fairly high structural quality of  the generated 
sequences. When the distribution function of  
the generated numbers p(x) and the correlation 
coefficient change, the proposed method for 
estimating the degree of  structural complexity 
effectively captures the corresponding change 
in the statistical properties of  the PRS.

4. STRUCTURAL COMPLEXITY OF 
CHAOTIC BINARY SEQUENCES
Almost all digital radio systems use binary 
signals. Therefore, the problem of  preserving 
all the features of  pseudo-random sequences 
of  binary numbers obtained by clipping integer 
sequences generated by the studied Fibonacci-
type algorithms is quite relevant.

It is known that the probability of  a 
block of  k identical symbols appearing in a 

Table 1
Graph 
in
Fig. 2

Algo-
rithm

p(x) of test PCS τkor
Difference
p(l) = f(l)
from 
standard

xcp
σ γ1 γ2

s S

1 F-1 10.9 6.07 1.08·10-2 -1.21 1 4.50·10-2 0.96

2 F-2 11.0 6.05 -1.97·10-3 -1.20 1 4.70·10-2 0.96

3 F-3 11.0 6.07 1.85·10-2 -1.25 1 4.80·10-2 0.96

4 F-4 8.29 5.04 -1.21 -0.40 1 0.22 0.82

5 RND 11.0 6.06 1.0·10-3 -1.20 1 4.40·10-2 0.96

6 F-1
modified

11.0 5.55 8.79·10-2 -1.21 2 1.85·10-1 0.85

7 F-2
modified

11.0 6.81 -1.02·10-2 -1.43 1 2.12·10-1 0.83

8 F-3
modified

7.32 5.85 0.86 -0.43 - 1.46·10-2 0.87

9 F-4
modified

11.1 5.26 -2.14·10-2 -0.88 10 0.63 0.62
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random binary sequence must obey the law 
p(k) = 1/2k. In this case, this binary sequence 
has good correlation properties. For a 
random process of  statistically independent 
equally probable events, the probability of  
the appearance of  any fragment of  k binary 
symbols (not necessarily identical) must 
obey the same law.

The purpose of  the numerical experiment 
was to verify the validity of  this regularity for 
binary PRSs formed by various algorithms 
with a delay of  the Fibonacci type, and on 
this basis to establish a quantitative criterion 
for estimating the structural complexity of  the 
corresponding binary PRS.

The goal was achieved by checking the 
following provisions:
• whether all possible fragments of  a binary 

code with a length of  k symbols are present 
in the implementation of  the PRS;

• what is the probability of  their occurrence 
in the implementation of  the sequence in 
comparison with the law p(k) = 1/2k, valid 
for an ideal random process. Note that it 
is precisely such a check, in particular, that 
is provided by the Advanced Encryption 
Standard (AES) encryption standard, 
designed for statistical testing of  code 
sequences used to ensure confidentiality in 
the transmission of  information;

• evaluation of  the structural complexity of  
binary PRSs generated by Fibonacci type 
algorithms with delay.
In a numerical experiment, the frequency 

of  occurrence in the implementation formed 
by algorithms of  N members of  all possible 
fragments of  length k from the system of  a 
complete code of  volume V(k) = 2k, where 
k = 2, 3, …, 12, was successively determined. 
The frequencies of  each i-th fragment of  the 
full code ni(k)/N, i = 1.2…2k obtained in the 
experiment were compared with the probability 

p(k) = 1/2k of  a fragment of  length k symbols 
in a sequence of  independent equiprobable 
trials. Dispersion was determined

22
2

1

1 1( )
2 2

k

i
k k

i

nk
N

σ
=

 = − 
 

∑
and root-mean-square deviation from this 
level is 1/2k for a given value of  k. In the 
experiment, the size of  the analyzed segments 
of  the complete code was successively 
changed from the value k = 2 to k = 12. The 
lengths of  the analyzed implementations of  
the sequences for all considered algorithms 
were determined by the relation N = A·2k, 
where A was chosen to ensure the necessary 
statistical representativeness of  the samples. 
In the results presented below, A = 100 was 
assumed, so that there would be at least 100 
trials per segment of  the complete code in the 
implementation.

In the numerical analysis, the following 
values of  the parameters of  the algorithms F-1, 
F-2, F-3, F-4 were used: Nz = 16, M = 255, 
Kz = 9. Standard random number generators 
used in various software packages were also 
considered for comparison: Maple7, Mathcad 
and Pascal.

On Fig. 4 graphs of  the rms deviation of  
the frequency of  occurrence of  all 2k variants 

Fig. 4. Root-mean-square deviation from the law p(k) = 
1/2k of  the probabilities of  segments of  the complete code in 

the implementations of  binary PRSs.
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of  segments of  a complete code of  length k 
from the law p(k) = 1/2k for algorithms F-1 
(curve 1), F-2 (2), F-3 (3), F-4 (4), random 
number generators RND Maple (5), Mathcad 
(6) and Pascal (7).

From the data shown in the Fig. 4, we can 
conclude that in the sequences generated 
by the F-1 and F-3 algorithms, the scatter 
of  the experimentally observed frequencies 
of  the appearance of  segments of  the 
full code relative to the level p(k) = 1/2k 
practically coincides with the corresponding 
characteristics of  the sequences generated 
by the sensors random numbers of  software 
packages Maple, Mathcad and Pascal.

All these algorithms correspond to a 
uniform probability distribution of  the 
generated numbers. The F-2 algorithm, 
which generates an integer sequence with 
a uniform probability distribution, but 
with forbidden transitions for even or odd 
numbers at one step of  the algorithm, 
has a spread in the probabilities of  the 
appearance of  fragments of  the full code 
2-3 times greater. The uneven distribution 
of  the generated numbers in the sequence, 
as is the case for the F-4 algorithm, leads 
to a significant (by an order of  magnitude) 
deviation from  uniformity appearance 
of  fragments of  the complete code in the 
implementation of  the generated binary 
process.

Based on the results obtained in the 
numerical experiment, we determine the 
average value of  rms deviations for all analyzed 
systems of  the complete code (k = 2, 3, ..., 12):

12

2

1 ( ).
11cp i

i
kσ σ

=

= ∑

Let us define Ksc = 1/(1 + σav) as a coefficient 
characterizing the structural complexity of  the 
PRS with respect to the complexity of  a purely 
random binary sequence.

The obtained quantitative values of  the 
coefficient Ksc for all analyzed algorithms are 
shown in Table 2. These data show that the 
structural complexity of  pseudo-random 
binary sequences generated by integer 
algorithms with delay based on Fibonacci-
type mappings with subsequent clipping, 
which have an almost uniform distribution 
of  probabilities of  generated numbers p(x) 
and distributions of  conditional probabilities 
(transition probabilities) that are close to 
uniform, does not differ significantly from 
the structural complexity of  purely random 
sequences. Just like from the complexity of  
sequences generated by certified random 
number generators.

To algorithms with high structural 
complexity should correspond correlation 
characteristics close to the corresponding 
characteristics of  a random process. For all 
the analyzed Fibonacci-type algorithms with 
the operation of  returning the generated 
numbers to the interval of  the domain of  
definition, Table 2 shows estimates of  the 
level Rmax of  lateral outliers of  aperiodic 
auto- and cross-correlation functions. In a 
numerical experiment, aperiodic correlation 
functions were determined from 100 non-
overlapping segments of  length Ncod = 128 
(which corresponds to the IS-95 standard 
for telecommunication CDMA systems) 

Table 2

Algorithm Ksc

max ,codR N

ACF
max ,codR N

CCF

F-1 0.95 1.3-3.6 1.5-4.0

F-2 0.94 1.6-3.6 1.6-4.1

F-3 0.96 1.14-4.2 1.5-4.6

F-4 0.73 2.9-6.9 1.75-5.7

RND Maple (5) 0.96 - -

RND Mathcad (6) 0.95 - -

RND Pascal (7) 0.95 - -

M-sequence - 0.7-1.25 1.4-5.0

M-sequence segments [3] - 1.45-4.1 -

Random sequences [3] 1.0 2.1-3.5 2.1-3.5
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sequentially generated by algorithms without 
any selection, including selection by code 
balance. The given levels of  lateral outliers 
of  correlation functions for the segments of  
binary PRSs generated by the F-1, F-2, and 
F-3 algorithms correspond quite well to the 
lateral outliers of  the correlation functions of  
random sequences.

Thus, the structural complexity of  the 
sequences generated by the developed 
chaotic algorithms practically coincides with 
the complexity of  random sequences. Such 
sequences can be used as expanding signals in 
radio engineering and navigation systems with 
noise-like signals.

5. CONCLUSION
The applied application of  information 
technologies involves the physical 
implementation of  a specific coding process 
in the transmission, processing and storage of  
information in telecommunication systems 
and computer networks. The paper considers 
promising areas for the use of  information 
technologies based on dynamic chaos for 
the transmission, processing, storage and 
protection of  information. On the basis of  
nonlinear systems with chaotic dynamics, 
finite-dimensional generating mathematical 
algorithms have been developed for the 
synthesis of  chaotic encoding signals with 
increased structural complexity. The analysis 
of  structural and fractal complexity of  
pseudo-random integer and binary sequences 
has been carried out. It is shown that 
complex coding signals of  this type have a 
high information capacity and, in terms of  
statistical, correlation, and fractal properties, 
practically coincide with the parameters of  
random sequences and can be effectively 
used in various multi-user radio engineering 
systems where high noise immunity, 
protection against unauthorized access, and 
cryptographic strength are required.
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1. INTRODUCTION
Waveguide dispersion and multimode propagation 
in ocean waveguides determines special method 
of  broadband sound source localization in 
ocean waveguide. It based on stable structural 
features formed by the interferogram [1,2]. The 
interferogram is squared absolute value of  signal 
amplitude in frequency-distance (time) domain. 
First steps in solving source localization problem 
were presented in papers [3-8], where particular 
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solutions of  inverse problem are suggested with 
using such parameter as waveguide invariant 
coined in [1]. However, they are ineffective in 
conditions of  small ratio signal/noise (s/n).

Interferometric processing for solving 
complex broadband source location problem 
(detection, direction finding, radial velocity 
determination (velocity projection toward the 
receiver), moving away, depth and resolution of  
several sources), stable for parameters variations 
of  ocean environment, is suggested and proved 
in papers [9-14]. Processing realizes multiple 
quasicoherent accumulating of  wave field 
spectral density along located interferometric 
fringes in frequency-time domain. During the 
period of  observation ∆t in source band ∆ω J 
independent realizations t_s duration with time 
range δt_s between them are accumulated

.
s s

tJ
t tδ
∆

=
+

 (1)

Realizations are independent, if  δts > 2π⁄∆ω. 
The interferogram forms in frequency-time 
domain and then two-dimensional Fourier 
transform (2D-FT) is applied in time-frequency 
domain. Transformed integrated density 
spectrum we call hologram. It consists of  few 
focal spots in small area. Spots are the result 
of  the interference of  modes with different 
wavenumbers. Contrary to noise signal noise 
addition is incoherent and noise distribution 
fills all hologram area. It bring about high-
noise-immunity processing. Determine of  radial 
velocity and source removing away from receiver 
is based on information about maxima of  focal 
spots coordinates [10,11,14]. Problems about 
depth, bearing, source resolution determination 
are considered in [9,12,13]. For single receiver 
noise signal detection based on Neiman-Pearson 
test using interferometric processing described 
in [15].

Presently much attention is given to using 
of  small submersibles in maritime security 
operations [16]. The effective detection of  weak 
signals by these submersibles involves the use of  
small antennas.

The purpose of  this work is building a 
theory of  noise signal detection using a receiving 
horizontal linear antenna. Numerical simulation 
results for small antennas are presented.

2. INTERFEROMETRIC PROCESSING
Interferometric processing with using of  
horizontal linear antenna is considered in [17]. 
The layout of  source S and horizontal linear 
antenna is shown in the Fig. 1. Number of  
space-regular antenna elements Qb is B, 1, ,b B=  
interelement spacing – d. Antenna elements are 
located at a depth zq. The first element Q1 is 
chosen as a reference. The aperture L = (B – 
1)d is much less then distance to the source, L 
<< rb. In this case rb = r1 – (b – 1)dsinθ, where 
θ – angle complementary to bearing. The source 
at fixed depth zs moves with constant velocity v. 
The signal spectrum ranges in band –(∆ω⁄2) + 
ω0 ≤ ω ≤ ω0 + (∆ω⁄2), ω = 2πf circular frequency.

Fields from antenna elements are summed 
up. In the process distance difference from the 
source to different antenna elements in direction 
of  angle θ is compensated. That's why field of  
b-th element multiplied by exp[ih*(ω0)(b – 1)
dsinθ*]. Here h*(ω0) – singled-out real part of  
horizontal wavenumber (propagation constant) 
on average source spectrum frequency ω0, θ* 
– compensation angle. Outlet field from b-th 
antenna element can be presented in the form 
of  sum by discrete spectrum modes as [18]
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Fig. 1. Geometry of  the problem (top view): rb –
horizontal distance of  the element Qb to the source S, 

θ – angle of  direction to the source.
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∑
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Am and hm – the amplitude and the constant 
of  m-mode propagation. Cylindrical field 
divergence, modal attenuation, source and 
antenna elements depths zs and zb respectively, are 
taken into account formal by modes amplitude 
dependence. Then source and receivers depths 
arguments at the received signal are omitted. In 
antenna output the field is

1 * *( , , , ) ( , , , ).an b b
b

p r p rω θ θ ω θ θ=∑  (3)

In the interferogram Pan(ω,r1,θ,θ*) = |pan 
(ω,r1,θ,θ*)|

2 we turn from distance variable to 
time variable and apply two-dimensional Fourier 
transform

0

0

*

2

*
0
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an

t

an

F

P t i t dtd

ωω

ωω
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∆
+

∆

∆
−

=

= −∫ ∫





 (4)

where 2ν πν=  и τ – circular frequency and 
hologram time, ∆t – observing time. At moment 
t0 = 0 starting distance is r1 = r0.

The efficiency of  interferometric processing 
using antenna with respect to the single receiver 
we characterize by amplification gain factor

*( , , ) / | G |,an rG Bχ θ θ=  (5)
and и directional characteristic

* *( , , ) ( , , ) / maxG .an anD B G Bθ θ θ θ=  (6)

Here

* *( , , ) | ( , , , ) | ,an an
U

G B F d dθ θ τ ν θ θ τ ν= ∫∫    (7)

| ( , ) | .r r
U

G F d dτ ν τ ν= ∫∫    (8)

Index «r» here and below relates to single receiver, 
U – hologram spectral density localization area 
(dotted line in Fig. 2b,d).

Increase in the number B of  antenna elements 
peaks primary maxima of  antenna directional 
characteristic, remain constant their position, 
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                                                       a                                                         b

                                                       c                                                         d
Fig. 2. Normalized interferograms (a, c) and holograms (b, d) of  a single receiver (a, b) and a seven-element antenna 

(c, d) in the absence of  noise.
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and leads to secondary maxima increment. 
With compensation angle θ* rising width of  
primary maxima of  directional characteristic 
increases. The greatest width is at value θ* = 90°. 
Maximum value of  amplification gain factor, 
approximately equal B2, achieved in direction of  
the compensation angle.

3. PROCESSING IMMUNITY
It is convenient to characterize processing 
immunity by limiting input ratio s/n qlim, when 
stable detection is provided and parameter 
estimates are close to real values. In the case of  
single receiver and isotropic noise for scalar field 
component we have ( ) 2

lim 1.5 / .rq J≈
Assume that noise signal and noise are 

stochastic processes, not statistically related, 
and noise at input of  antenna elements is not 
correlated. The second condition is met, if  d ≥ 
λ⁄2, where λ – wavelength. Then limiting input 
ratio s/n on antenna element is evaluated as

( ) ( )
lim lim ,an rq qα=  (9)

where α = B⁄χ. The greatest value is χmax ≈ B2, so αmin 
≈ 1⁄B. Considering the above ( ) ( )

lim limmin / ,an rq q B≈ . 
Input ratio s/n on singular antenna is limited by 
inequality ( )

0 lim .anq q≥

4. DETECTION OF A NOISE SIGNAL 
ACCORDING TO THE NEUMANN-
PEARSON CRITERION
Neumann-Pearson criterion maximizes the 
probability of  correct detection of  p1 for a given 
probability of  false alarm p2. When considering 
the problem of  detecting a noise signal (pressure), 
we will limit ourselves to the area of  the input 
relations s/n q0 ≥ qlim.
4.1.detection curves for sinGle receiver [15]
The probability of  a false alarm ( )

2
rp , as the 

probability of  exceeding the pore level gr by 
noise, is equal to

( ) ( ) ( )
2 1 0.5 ( 0.5) ( 0.5) ,r r r

n np k kΦ Φ = − − + +   (10)
where is the dimensionless parameter 

( ) ( ) ( )/ 2 ,  r r r
n r n nk g M M=  – mathematical 

expectation of  noise at the processing output, 
Φ(x) – error integral

2

0

2( ) .
x

tx e dtΦ
π

−= ∫  (11)

Given the probability of  a false alarm ( )
2
rp  

the parameter ( )r
nk  is uniquely determined. With 

( )r
nk  decreasing in the probability of  a false 

alarm, according to (10), (11), the value of  ( )r
nk

increases. The maximum value of  the parameter 
( )r
nk  is estimated as ( )max 4.r

nk ≈
Probability of  correct detection ( )

1
rp

( ) (r) (r)
1 1 21 0.5 ( ) ( ) ,rp Φ η Φ η = − +   (12)

where
( ) ( )

( ) ( )
1 2

2 1 2 1,  ,
2(1 ) 2(1 )

r r
r rn r n r

r r

k q k q
q q

η η− − + +
= =

+ +
 (13)

qr = Jγrq0 – s/n ratio at the processing output. 
Here ( ) ( )/r r

r n sS Sγ =  – compression ratio, ( )
,
r

s nS  
– is the area of  distribution of  the spectral 
density of  the signal and noise on the 
hologram. Probability of  correct detection 

( )
1

rp  is uniquely determined by the parameter 
( )r
nk  and the s/n ratio qr. Thus, it is possible 

to calculate the detection curves of  the noise 
signal. They represent the dependence of  the 
probability of  correct detection on the output 
(or input) s/n ratio with a fixed probability of  
a false alarm.
4.2. detection curves for antenna

Expressions for the probabilities of  false alarm  
( )
2
rp  (10) and correct detection ( )

1
rp  (12) are 

also preserved for the antenna with the only 
difference that the values of  the arguments 
that characterize them change. With a fixed 
probability of  false alarm, ( ) ( )

2 2 2 ,an rp p p= =  
the dimensionless parameter kn is constant, 

( ) ( ) .r an
n n nk k k= =  Compared with a single 

receiver, the mathematical expectation of  noise 
at the processing output increases by B times, 

( ) ( )an r
n nM BM= . This leads to an increase in the 

pore level also by B times, gan = Bgr. Taking into 
account these observations, the probability of  
correct detection is equal to

( ) ( ) ( )
1 1 21 0.5 ( ) ( ) ,an an anp Φ η Φ η = − +   (14)

где
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( ) ( )
1 2

2 1 2 1,  .
2(1 ) 2(1 )

an ann an n an

an an

k q k q
q q

η η− − + +
= =

+ +
 (15)

Here qan = (Jγan(B)⁄α)q0 – is the s/n ratio at the 
processing output, where γan(B) – compression 
ratio. It is determined similarly to a single receiver 
and does not depend on the viewing angle θ, the 
values γan = γr = γ [17]. Compared with a single 
receiver, the output ratio of  s/n increases by 
about B times.

The degree of  difference in the probabilities 
of  correct detection between a single receiver 
and an antenna, depending on the input s/n ratio 
and the number of  antenna elements for a given 
false alarm probability, will be characterized by 
the ratio

( ) ( )
0 0 1 0( , ) ( , ) / ( ).an r

qq B p q B p qβ =  (16)

The parameter β(q0,B) (16) is called the 
efficiency coefficient. When considering the 
efficiency coefficient β(q0,B), the area of  input 
relations s/n q0 is limited to the area of  values  

( )
0 lim .rq q≥

5. NUMERICAL SIMULATION
A horizontally homogeneous waveguide with a 
depth of  H = 70 m, a sound velocity constant in 
depth c = 1480 m/s. Frequency range ∆f = 480–
520 Hz. The average frequency of  the spectrum 
f0 = 500 Hz. Parameters of  the absorbing liquid 
homogeneous bottom: the ratio of  the density 
of  soil and water ρ =1.8, the complex refractive 
index n = 0.84(1 + i0.04).

The number of  antenna elements B = 
3, 7, 11. The interelement distance d = 1.5 
m. It approximately corresponds to half  the 
wavelength at a frequency of  f0 = 500 Hz. The 
elements of  the horizontal antenna are located 
at a depth of  zb = 50 m. Angles: θ = 0°, 30°, 
60°, 90°. The allocated propagation constant is 
equal to the propagation constant of  the first 
h*(f0) = h1(f0) = 2.1182 m-1. According to numerical 
calculations, the antenna gain coefficients χ do 
not depend on the viewing angle θ and are equal 
to: 8.7 (B = 3), 47.9 (B = 7), 119.3 (B = 11). They 
are close to the theoretical estimate χ = B2.

The noise source is located at a depth 
of  zs = 20 m and was moving away from the 
antenna with a radial velocity w = 2 m/s. At 
the initial time t0 = 0, the source is removed 
from the antenna reference element Q1 by a 
distance r0 = 10 km. Accumulation time ∆t = 
30 s, duration of  noise realization ts = 2 s, time 
interval δts = 0.5 s, number of  realizations J = 
12. Limiting input c/n ratios: when using a 
single receiver ( ) 2

lim 10 ( 20 ).rq dB−≈ −  When using 
the antenna: a) B = 3, ( ) 3

lim 3.4 10 ( 24,7 ).anq dB−≈ ⋅ − ; b) 
B =7, ( )

lim
anq ≈ 1.5∙10-3(-28.2 dB); c) B = 11, ( )

lim
anq  

≈ 9.2∙10-4(-30.4 dB). False alarm probabilities 
p2 = 10-1, 10-2, 10-3.

The illustrative material is shown in Fig. 2-5. 
Fig. 2 demonstrates normalized interferograms 
and hologram modules in the absence of  
noise for a single receiver of  a seven-element 
antenna. In order to increase the contrast on 
the interferograms, the constant components 
(background) for the modes of  numbers m = n 
are filtered out. If  the constant components are 
not subtracted from the interferograms before 
applying the Fourier transform, then a peak 
of  high intensity will appear on the holograms 
in the area of  the origin. The spectral density 
localization area on holograms (Fig. 2b,d) is 
highlighted with a dotted line. From Fig. 2b,d 
it follows that the geometry of  the location 
of  the spectral density of  a single receiver and 
antenna, regardless of  the viewing angle, are 
close to each other. This result does not depend 
on the number of  antenna elements. According 
to Fig. 2b,d, the compression ratio is estimated 
as γ = 6.

Fig. 3 shows the noise signal detection 
curves for a single receiver. As the probability of  
a false alarm decreases, the probability of  correct 
detection decreases. According to the calculation 
results, the parameter kn = 1.42 (p2 = 0.1), kn= 
2.14 (p2 = 0.01), kn = 2.72 (p2 = 0.001).

The curves for detecting a noise signal using 
an antenna are shown in Fig. 4. According to 
numerical simulation data, they do not depend 
on the viewing angle θ. Fig. 4a,b,c show how the 
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probabilities of  correct detection of  p1 increase 
with an increase in the number of  antenna 
elements B. For example, for the probability of  a 
false alarm p2 = 0.001, the probability of  correct 
detection p1 = 0.8 is achieved for the input s/n 
ratio q0 = 0.044 at B = 3, q0 = 0.019 at B = 7, q0 
= 0.012 at B = 11.

Fig. 5 shows the dependences of  the 
efficiency coefficient β(q0) for different values 
of  false alarm probabilities p2 and the number 
of  antenna elements B. The difference in the 
probabilities of  correct detection between a 

single receiver and an antenna is concentrated 
mainly in the area of  small s/n ratios q0 and with 
an increase in the number of  elements B, the 
difference increases. With increasing values of  
q0, this difference decreases and asymptotically 
tends to zero.

6. CONCLUSION
The problem of  detecting a weak signal in 
the presence of  intense noise is topical in 
hydroacoustics. The difficulties of  the approach 
to its solution arise from the limitations of  
the developed noise-resistant treatments of  
hydroacoustic signals. Currently, interferometric 
processing, unlike other known processing 
methods, allows detecting and evaluating source 
parameters with greater noise immunity at low 
c/p ratios. This is due to two points.

Firstly, the processing implements 
multiple quasi-coherent accumulation of  
the spectral density of  the wave field along 
localized interferogram bands in frequency-
time variables. Secondly, at the output of  the 
integral transformation, the spectral density of  
the signal is concentrated in a small region. The 
linear dimensions of  this region are inversely 
proportional to the observation time, the 
width of  the band and decrease with increasing 
radial velocity of  the source. The smaller the 
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Fig. 3. Dependence of  the probability of  correct detection  
p1 on the input ratio s/n q0 for various values of  false 
alarm probabilities p2: curve 1 – p2 = 0.1, curve 2 – p2 

= 0.01, curve 3 – p2 = 0.001. Single receiver.

                a                                                                b                                                             c
Fig. 4. Dependence of  the probability of  correct detection p1 on the input s/n ratio q0 for different values of  the false 

alarm probabilities p2 and the number of  antenna elements B. Curve 1 – p2 = 0.1, curve 2 – p2 = 0.01,
curve 3 – p2 = 0.001. B = 3 (a), B = 7 (b), B = 11 (c).
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signal concentration area, the higher the noise 
immunity of  the processing.

Based on interferometric processing, the 
detection of  a noise source is considered by the 
Neumann-Pearson criterion by using a horizontal 
linear antenna. Analytical dependences of  
detection curves are obtained depending on 
the input s/n ratio and the number of  antenna 
elements. Numerical calculations are performed. 
The efficiency of  detecting a low-noise signal by 
an antenna in comparison with a single receiver 
is evaluated.
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1. INTRODUCTION
Standard for wireless high-speed 
data transmission LTE (Long-Term 
Evolution) was developed by 3GPP 
consortium (France) [1] and presented in 
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its Release 8 (2008) and Release 9 (2009) 
specifications.

LTE technology is an evolution of  
GSM/UMTS standards based on digital 
signal processing and modulation methods 
developed at the turn of  the millennium. 
According to the specifications, LTE 
provides download speeds of  up to 3 
Gbit/s with a decrease in latency to 2 
ms; supported bandwidth of  1.4 MHz to 
20 MHz; frequency division of  channels 
(FDD – Frequency-Division Duplex) 
and time division (TDD – Time-Division 
Duplex).

There are two main differences between 
LTE-TDD and LTE-FDD: in terms 
of  input and output data and network 
deployment frequency spectra. LTE-FDD 
channel splitting uses paired frequencies 
for input and output data, while LTE-TDD 
uses a single frequency, alternating between 
data loading and processing over time. 
The LTE-TDD network's load-to-process 
ratio can vary dynamically, depending on 
the relation between input and output 
data volumes. The different bandwidths 
are due to LTE-TDD performing better 
at higher frequencies and LTE-FDD at 
lower frequencies. LTE-TDD networks 
use bands ranging from 1850 MHz to 3800 
MHz, which is cheaper for access and has 
more freedom in terms of  bandwidth.

At the physical layer, OFDM 
(Orthogonal Frequency Division 
Multiplexing) circuit with a cyclic prefix is 
used for the transmission.

The following pilot signals are used in 
the transmission:

A reference signal consisting of  a set 
of  known symbols is transmitted at a 
well-defined OFDM symbol position in 

the interval. This helps the user terminal 
to evaluate the impulse response of  the 
channel to compensate for the distortion 
of  the channel on reception. One reference 
signal is sent to each antenna port of  the 
receiver, and an exclusive symbol position 
is assigned to the antenna port (when one 
antenna port transmits a reference signal, 
the other ports are silent).

Synchronization signal: Primary and 
secondary synchronization signals are 
transmitted in a fixed sub-frame position 
(first and sixth) in the frame and assist 
in the cell search and synchronization of  
the user's terminal. Each cell is assigned 
a unique primary synchronization signal 
[2].

For receiving, the signal uses SC-
FDMA (Single-carrier Frequency-
Division Multiple Access – FDMA with 
a single carrier). The SC-FDMA scheme 
is implemented as a two-stage process, 
where the first stage of  the input signal 
is converted to a frequency domain 
(represented by DFT coefficients), and 
the second stage DFT coefficients are 
converted to OFDM signal using OFDM 
scheme. Therefore, the SC-FDMA scheme 
is also often referred to as DFT-Spread 
OFDM.

The following pilot signals are used for 
reception:

Demodulation Reference Signal (DM-
RS – Demodulation Reference signal): a 
signal sent by the user terminal to evaluate 
the impulse response of  the channel for 
receiving packets to efficiently demodulate 
the incoming signal.

Sounding Reference Signal (SRS –
Sounding Reference Signal): a signal 
sent by the user terminal to evaluate the 
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overall state of  the channel and to allocate 
appropriate frequency resources for signal 
reception.

As of  May 2019, LTE networks have 
more than 90% coverage in 15 countries; 
the top five are South Korea (97.5%), Japan 
(96.3%), Norway (95.5%), Hong Kong 
(94.1%), and the United States (93.0%) [3].

The purpose of  this paper is to 
improve the efficiency of  suppression 
of  the negative impact of  inter-symbol 
interference (hereinafter ISI) when 
using data transmission over multibeam 
channels with fading based on the LTE 
data transmission standard. The efficiency 
criterion in this paper shall be the required 
signal-to-noise ratio of  the communication 
channel to provide a given probability of  
bit error of  the system.

2. TASK STATEMENT
In this work, a physical layer of  the LTE 
standard is developed using Simulink, and 
its performance is evaluated under the 
conditions of  Rayleigh fading and AWGN 
noise effects. This system incorporates 
SISO technology, and ways to improve 
transmission quality are considered using a 
Converter of  size and type of  transmitted 
and received data, Gain amplifier and 
normalizer, dBGain, and the use of  Fast 
Fourier Transform (FFT, FFT) algorithm. 
Applied Models are simulated by transmitting 
and receiving data through the developed 
system. The performance of  the system is 
then measured against the BER.

For the channel parameters we adopted 
the standard EPA model (Extended 
Pedestrian A model) [4]. [4]. This model 
is used to form a multibeam channel 
in wireless communication systems, in 

LTE/4G networks and can be generalized 
to the 5G standard [5]. Parameters of  the 
model: 7 beams, the beam parameters are 
given in Table 1 (Path delay vector (s) and 
Average Path gain vector (dB)).

The following Tables 1 and 2 present 
the design specification for the fixed LTE 
standard

Because the multibeam channel 
reflects signals in multiple locations, the 
transmitted signal travels to the receiver 
along multiple paths, each of  which may 
have different distances and time delays. 
In the block dialog box, the discrete 
vector delay parameter determines the 
delay time for each path. Unless you set 
the gain vector parameter to 0 dB in the 
Normalize parameter, the total gain will 
take the average gain value for each path. 
When you check the box, the unit uses a 
multiple of  the path average gain vector 
instead of  the path average gain vector 
itself, selecting the scaling factor so that 
the effective channel gain, given all paths, 
is 0 dB. The number of  paths indicates the 
length of  the discrete path delay vector or 
the average path gain vector. If  both of  

MODELING OF COMMUNICATION CHANNELS WUTH MULTIPATH 
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Table 1.
Multibeam channel parameters

Max Doppler shift (f) 1/1000
Doppler spectrum type Jakes
Path delay vector (s) [0 30 70 90 110 190 410]·10-9

Average Path gain vector (dB) [0 -1 -2 -3 -8 -17 -20.8]

Table 2.
Noise characteristics of the AWGN channel

Initial Read 67
Mode Signal to Noise rate (Eb/No)

Eb/No(dB) -40-20
No. of bits/symbol 1
Input signal power 1
Symbol Period 1
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these parameters are vectors, they must 
have the same length; if  only one of  these 
parameters contains a scalar value, then 
the unit converts it to a vector with the 
same size as the other vector.

Turbocodes and Unipolar to Bipolar 
Converter block are used in the system for 
noise-immunity coding.

In the block Free space path loss we specify 
distance and carrier frequency value:

Distance (km): 10; Carrier frequency 
(MHz): 800.

Taking into account additional energy 
losses (e.g. thermal noise) we add an additional 
block Free space path loss, indicating a loss of  
180 dB.

Power dB Gain - 120 and Gain - 106.

3. ANALYSIS OF SIMULATION 
RESULTS
The performance of  the developed model is 
evaluated under the condition of  the channel 
with fading and the BER values at small 
values of  SNR (Eb/N0) are analyzed, also 
the eye diagrams are analyzed to effectively 
reduce the negative effect of  inter-symbol 
interference.

Theoretical values are obtained using 
the BER calculation module available 

in MATLAB software. Fig. 1 shows a 
screenshot of  the MATLAB generated 
project for the data transmission 
system.

The fixed data transmission with fading is 
shown in Table 3 and Fig. 2.

NURLAN N. TASHATOV, MANARA A. SEKSEMBAYEVA, 
GENNADY V. OVECHKIN, YERZHAN N SEITKULOV INFORMATION TECHNOLOGIES

Fig. 1. Transceiver for data based on LTE standard.

Table 3.
Probability of erroneous bit at small signal to noise 

ratio (hereinafter referred to as SNR)

SNR (dB) BER SNR (dB) BER

-40 0.382 -27 0.04777

-39 0.3 -26 0.04

-37 0.2552 -25 0.03256

-35 0.1908 -24 0.015

-33 0.1756 -23.5 7.876-3

-31 0.1113 -23 3.15-5

-29 0.07986 -21 0.0

Fig. 2. Rayleigh and Gaussian channel error 
probabilities.
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Fig. 3 shows the eye diagram of  
the received signal at SNR = –21 (after 
AWGN channel), we see an obvious 
superposition of  the waves at each other 
– the phenomenon of  interference.

In Fig. 4, the eye diagram at SNR = 
–21 after IFFT and QPSK modulator, 
we can see the "open eyes".

4. CONCLUSION
In this paper, we investigated and 
evaluated the performance of  a wireless 
system based on the LTE standard with 
OFDM technology, using the Fast Fourier 
Transformation (FFT) algorithm. The 
proposed system was evaluated for data 
transmission in a 7-beam delayed wireless 
network using an EPA model, taking into 
account the antenna spacing and additional 
energy loss during Rayleigh channel 
transmission. The proposed model was 
simulated using MATLAB-based Simulink. 
A graph of  data transmission performance 
in a multibeam channel with fading versus 
BER and SNR was obtained, and inter-
symbol interference on the receiver side 
was also considered by analyzing eye 
diagrams.

The data from the study can be used in 
the design of  radio devices for transmitting 
data over a wireless network.

In addition, the developed model can 
be used as a teaching aid to study various 
features of  LTE-based systems.
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Fig. 3. The eye diagram of  received signal SNR = 
–21 after AWGN channel.

Fig. 4. The eye diagram at SNR = –21 after the 
OFDM modulator.

Fig. 5. Analysis of  transmitted and received signal 
with.

Fig. 5 shows the comparative analysis 
of  the transmitted, distorted and received 
signal with Time Scope block at SNR = 
–21.
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1. INTRODUCTION
Body temperature is the most important 
indicator of  human health. Usually, the 
body surface temperature is measured 
using contact thermometers or non-contact 
infrared radiation for general diagnostic 
purposes. If  measure the subsurface internal 
body temperature, it is passible significantly 
increase the list of  various detectable diseases. 
Measuring the internal temperature of  the 
body using ordinary invasive sensors gives 
a significant error, since the introduction of  
the sensor under the skin causes a violation 
of  the internal thermal field. It is possible 
to measure the internal temperature of  the 
body noninvasively by measuring the power 
of  radiothermal radiation emitted by the 
internal tissues of  the body and reaching 
its surface in the microwave range of  
electromagnetic waves.

The possibility of  non-invasive 
measurement of  the parameters of  a 
malignant tumor-the depth of  location 
and temperature was considered in [1]. It 
was proposed the model to describe the 
receiving processes of  the own radiothermal 
field of  the human body. The analysis of  
the possibility of  calculating the desired 
parameters based on the results of  measuring 
antenna temperatures simultaneously in two 
different frequency ranges was carried out. 
The conditions for finding solutions by 

both analytical and numerical methods were 
revealed. The maximum possible depth of  
tumor detection was determined depending 
on the parameters of  the radiothermograph 
and the thermal contrast in the source. 
The results of  these studies were used to 
improve the methods of  measuring and 3D 
visualization of  the internal thermal field of  
a human body [2].A number of  experiments 
were made on the equivalent of  the human 
body and directly on the real human 
body in order to obtain data for further 
3D interpolation and visualization of  the 
structure of  the internal thermal field inside 
the human body on the computer monitor 
screen using the developed five-channel dual-
frequency radiothermograph.

The results obtained can be used to 
further improve the methods of  using multi-
channel multi-frequency radiothermographs 
in medical practice for more accurate 
localization of  pathological neoplasms inside 
the human body. The results of  studies of  the 
internal thermal field of  a human body are 
using in practical application of  the diagnosis 
and treatment of  a number of  diseases such as 
breast cancer [3,4], various brain pathologies 
[5-9], coronary heart disease [10], arthritis 
and blood flow disorders [11,12], urological 
diseases [13] and some others [14-16].

Further improvement of  the multichannel 
multi-frequency radiometry method 
requires the search for new algorithms for 
signal and information processing based 
on an improved model of  radiation and 
propagation of  radio waves and heat inside 
the human body in order to determine more 
parameters of  internal thermal pathology. 
Particularly, it is necessary to determine not 
only the depth of  the cancer, but also its 
thickness.
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To solve this problem, it is necessary to 
design new improved model for describing 
the processes of  receiving the human body's 
own radiothermal field, based on the model 
described in [1]. It is necessary to determine 
the minimum required number of  channels 
and frequency ranges to solve the task.

The purpose of  this article is to show 
the possibility of  detection not only the 
temperature, the depth and location, but 
also the size of  a cancerous tumor by 
means of  multi-channel multi-frequency 
radiothermography.

2. IMPROVED MODEL OF 
THE HUMAN BODY'S OWN 
RADIOTHERMAL FIELD 
RECEIVING PROCESSES
As the simplest model represented in [1], a 
part of  the human body is considered as a 
homogeneous medium for the propagation 
of  electromagnetic waves with a constant 
absorption coefficient and without thermal 
conductivity. The antenna-applicator is 
perfectly contact with the body at the 
installation site, has a pencil radiation pattern 
inside the human body and does not have 
side lobes and back scattering. A cancerous 
tumor is a point source of  heat with an 
increased temperature compared to the body 
temperature. The area of  the body with a 
tumor is considered an absolutely black body, 
while its radio brightness temperature is equal 
to the thermodynamic one.

All assumptions made can be accepted 
for a refined model of  the human body 
radiation, which permits to calculate the 
thickness of  the tumor, with the exception 
of  one – a cancerous tumor can not be 
considered an absolutely black body, since 
an absolutely black body is opaque and, 
therefore, it is impossible to determine any 

parameters of  tissues located at a greater 
distance from the surface of  the body than 
the beginning of  the tumor. In addition, in 
practice, the tumor should be considered 
a "gray" body, since no differences in the 
dielectric properties of  ordinary tissues 
and tissues affected by the tumor have yet 
been revealed.

The improved model for determining the 
depth and thickness of  the tumor is shown in 
Fig. 1. In Fig. 1, the body is located vertically. 
The applicator antenna is installed on the 
skin surface on the left. The tumor is located 
under the skin at a depth of  Z1. The tumor 
layer ends at a depth of  Z2. The thickness of  
the tumor Δ = Z2 – Z1. Body thickness is Z3. 
Body temperature is T0. Tumor temperature 
is T1.

The own body's radiothermal radiation 
that has reached the antenna applicator can 
be divided into three components. The first 
is the radiation emitted under the antenna in a 
layer with a temperature of  T0 from the skin to 
the beginning of  the tumor with coordinates 
from 0 to Z1. The second is the radiation 
emitted in the layer of  the tumor itself  with 
a thickness of  Δ with a temperature of  T1 
and coordinates from Z1 to Z2. And the third 
is the radiation emitted by the body layer 
below the tumor with a temperature of  T0 

Fig. 1. Improved model for determining the depth and 
thickness of  the tumor.
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and coordinates from Z2 to Z3. The radiation 
generated outside the body can be ignored, 
provided that the measurements are carried 
out in a shielded camera that does not allow 
external interference. The radiation of  the 
camera itself  can be neglected with a sufficient 
thickness of  the body and the magnitude of  
the attenuation of  the electromagnetic wave 
inside the body.

The brightness temperature is determined 
by formula (1), as shown in [1]:

0

( ) ( ) ,bT w z T z dz
∞

= ∫  (1)

where T(x) is the thermodynamic temperature, 
and w(x) is the weight function determined 
by absorption, while:

0

( ) 1.w z dz
∞

=∫  (2)

Since the absorption is subject to an 
exponential law, then:
w(z) = ke-kz,          (3)
where k is the absorption coefficient for a 
given wavelength. In this case, k is constant, 
over the entire depth 0 – Z3. The inverse 
value of  k is the value of  the skin layer, i.e. 
the layer thickness at which the radiation 
decreases by e times.
zs = 1/k.

It is possible to calculate all three 
components of  radiation and the antenna 
temperature, using formulas 1-3:

3 1

0 1 01 ( ) 1 .s s s

Z Z
Z Z Z

bT T e T T e e
− −
∆

−   
   = − + − −

     
 (4)

If  consider the body thickness and 
body temperature as known values, then 
the measured brightness temperature is a 
function of  three variables – the tumor 

temperature, the thickness of  the tumor layer 
Δ and the depth of  the tumor Z1.

If  suppose that the value of  the skin layer 
is much less than the thickness of  the body 
ZS << Z3, then approximately:

( )
1

1 1 0 1 0, ( ) 1 ., s s

Z
Z Z

bT T Z T T T e e
− −
∆ 

 ∆ = + − −
 
 

 (5)

It follows from formula (5) that if  the 
thickness of  the tumor tends to zero, then 
the measured temperature tends to the body 
temperature. And if  the depth of  the tumor 
tends to zero, then the measured temperature 
is determined by the thickness of  the 
tumor and the thermal contrast, that is, the 
temperature difference between the tumor 
and the body, as well as the body temperature.

The graphs of  the Tb – T0 dependence 
calculated by the formula (5) with a thermal 
contrast of  the tumor of  2 degrees and the 
size of  the skin layer of  7 cm are shown in 
Fig. 2.

Formula (5) permits to estimate the 
maximum depth at which a tumor with a 
temperature contrast ΔT can be detected by 
a radiometer with a sensitivity of  δT:

MEDICAL PHYSICS

Fig. 2. The charts of  the dependence of  the measured 
thermal contrast on the depth of  the tumor at different tumor 

thicknesses.
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1 .SZ
MAX S

TZ Z ln e
Tδ

−
∆  ∆  = −

    
 (6)

In the represented model, the maximum 
depth of  tumor detection depends not only 
on the sensitivity of  the radiometer, the 
thermal contrast of  the tumor and the size 
of  the skin layer, but also on the thickness of  
the tumor itself, which is quite expected.

The formula (5) analysis permits to 
determine the minimum required number of  
frequency channels of  the radiothermograph 
for simultaneous detection of  the tumor 
temperature, its depth and thickness. Indeed, 
formula (5) represents one equation with 
three unknowns. To solve it, it is necessary to 
have additionally two independent equations, 
which can be obtained if  add two frequency 
channels to the existing range. The system of  
three equations with three unknowns will be 
obtained.
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Unlike the simplified model described in [1], 
the system of  equations (7) has no analytical 
solution and can be solved by numerical 
methods only. The solvability conditions 
for the system of  equations are similar: it is 
necessary that the entire tumor has located 
in the detection zone for each frequency 
channel, the thermal contrast of  the tumor is 
sufficient for detection by a radiometer with 
the sufficient sensitivity and the frequencies 
would be different.

3. DISCUSSION
The necessity radiothermograph receiving 
channels and the frequency ranges number 
increasing for the diagnosis reliability based 
on the tests results is proved. Both number 
of  receiving channels determines the area and 
the resolution ability of  the sensing the body 
area and the number of  frequency ranges used 
define the resolution ability on the depth. 
Usually multichannel is achieved by using big 
number of  antenna applicators connected 
to a common receiver via microwave 
switches. This design permits to reduce 
the size and cost of  the radiothermograph, 
but the disadvantage of  such a scheme is a 
decrease the sensitivity, since the receiver 
can simultaneously process the signal from 
one antenna only, and the rest are idle at this 
time. As more antennas are connected to one 
receiver, as greater the sensitivity loss. The 
same method is used when receiving a signal 
in different frequency ranges. For example, it 
is known the radiothermograph [17], which 
simultaneously uses five frequency ranges 
from 1.2 to 3.6 GHz. At the same time, two 
different antennas are used – one for the 1.2 
and 1.65 GHz bands and the second for the 
2.3, 3 and 3.6 GHz bands. Each frequency 
channel has its own band pass filter; the 
filters are switched by coaxial microwave 
switches. The signals from the outputs of  
the microwave switches are amplified by 
broadband low-noise amplifiers, one for 
two low-frequency bands and three high-
frequency ones. Such receiving channel 
scheme is too complex and cumbersome 
for a multi-channel multi-frequency 
radiothermograph. When switching both 
receiving channels and frequency ranges to 
one broadband amplifier, it is too short time 
spent for a signal processing, what reduces 
the sensitivity of  the receiver. An increase 
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in the total time of  signal accumulation 
is also unacceptable, since it is impossible 
to follow the rapid dynamic processes of  
temperature changes inside the body as a 
reaction to various physiological influences. 
It is necessary to have a broadband antenna-
applicator with frequency division of  the 
receiving bands and a set of  portable low-
noise amplifiers, one for each frequency 
range to optimize the parameters of  a multi-
channel multi-frequency radiothermograph. 
There should be several such antennas 
with receivers, according to the number of  
receiving channels. The design of  broadband 
antenna applicators with portable receivers is 
a complex technical task, which will be solved 
by further research. Future development of  
the model should take into account the uneven 
distribution of  heat along the measurement 
axis, determined by the thermal conductivity 
equation, as well as the lobe radiation of  the 
antenna pattern. This will give opportunity 
under certain assumptions and multi-channel 
sensing, to estimate other tumor parameters 
besides the thickness.

4. CONCLUSION
As a result of  the research and modeling 
within the framework of  the considered 
model, the following new results were 
obtained:
• the model of  the brightness temperature 

forming on the surface of  the body is 
constructed, regarding both the depth of  
location and the thickness of  the tumor 
were created;

• the impassibility of  simultaneous 
detection the local thermal anomaly 
temperature, depth and thickness using a 
single-frequency radiothermograph was 
shown. The necessity measurements on 
at least three different frequency ranges 

for local thermal anomaly temperature, 
depth and location detection was proved;

• the maximum detection depth of  a tumor 
in the human body depending on the 
thickness of  the tumor, the size of  the 
skin layer for a given wavelength, thermal 
contrast and sensitivity of  the radiometer 
was determined;

• the system of  three equations with three 
unknowns describing the dependences of  
the measured and desired physical values 
was obtained;

• the system of  equations solution 
possibility only when the thermal anomaly 
located at the depth not exceeding the 
maximum detection depth of  the thermal 
anomaly for each frequency channel of  
the radiothermograph was shown;

REFERENCES
1. Evgeny P. Novichikhin, Igor A. Sidorov, 

Vitaly Yu. Leushin, Svetlana V. Agasieva, 
Sergey V. Chizhikov. Detection of  a local 
source of  heat in the depths of  the human 
body by volumetric radiothermography. 
RENSIT: Radioelectronics. Nanosystems. 
Information technologies, 2020, 12(2):305-
312. DOI: 10.17725/rensit.2020.12.305.

2. Sidorov IA, Gudkov AG, Leushin 
VY, Gorlacheva EN, Novichikhin EP, 
Agasieva SV. Measurement and 3D 
Visualization of  the Human Internal 
Heat Field by Means of  Microwave 
Radiometry. Sensors, 2021, 21:4005. DOI: 
10.3390/s21124005.

3. Ahmed M. Hassan, Magda El-Shenawee. 
Review of  Electromagnetic Techniques 
for Breast Cancer Detection. IEEE Reviews 
in biomedical engineering, 2011, 4:103-118. 
DOI: 10.1109/RBME.2011.2169780.

MEDICAL PHYSICSEVGENY P. NOVICHIKHIN, ALEXANDER G GUDKOV, IGOR A. SIDOROV, 
VITALY YU LEUSHIN, SVETLANA V. AGASIEVA, SERGEY V CHIZHIKOV



85

RENSIT: Radioelectronics. Nanosystems. Information technologies | 2022 | Vol. 14 | No. 1

4. Vesnin S, Turnbull AK Dixon JM, 
Goryanin I. Modern Microwave 
Thermometry for Breast Cancer. J. Mol. 
Imaging Dyn., 2017, 7(10):1109.

5. Sugiura T, Kouno Y, Hashizume A, 
Hirata H, Hand J, Okita Y, Mizushina S. 
Five-band microwave radiometer system 
for non-invasive measurement of  brain 
temperature in new-born infants: System 
calibration and its feasibility. Proceedings of  
the 26th Annual International Conference of  
the IEEE Engineering in Medicine and Biology 
Society, San Francisco, CA, USA, 1–5 
September 2004.

6. Bardati F, Marrocco G, Tognolatti P. 
New-born-infant brain temperature 
measurement by microwave radiometry. 
Proceedings of  the IEEE Antennas and 
Propagation Society International Symposium 
(IEEE Cat. No.02CH37313), San Antonio, 
TX, USA, 16–21 June 2002.

7. Gudkov AG, Leushin VY, Sidorov IA, 
Vesnin SG, Porokhov IO, Sedankin MK, 
Agasieva SV, Chizhikov SV, Gorlacheva 
EN, Lazarenko MI et al. Use of  
Multichannel Microwave Radiometry 
for Functional Diagnostics of  the Brain. 
Biomed. Eng., 2019, 53:108–111.

8.  Sugiura T, Hirata H, Hand JW, Van Leeuwen 
JMJ, Mizushina S. Five-band microwave 
radiometer system for noninvasive brain 
temperature measurement in newborn 
babies: Phantom experiment and 
confidence interval. Radio Sci., 2011, 46.

9. Sedankin M, Chupina D, Vesnin S, 
Nelin I, Skuratov V. Development of  a 
miniature microwave radiothermograph 
for monitoring the internal brain 
temperature. East. Eur. J. Enterp. Technol., 
2018, 3:26-36.

10. Konstantinos Toutouzas, Georgios 
Benetos, Iosif  Koutagiar, Nikolaos 
Barampoutis, Fotini Mitropoulou, Periklis 
Davlouros, Petros P Sfikakis, Dimitrios 
Alexopoulos, Christodoulos Stefanadis, 
Elias Siores, Dimitris Tousoulis. 
Noninvasive detection of  increased 
carotid artery temperature in patients with 
coronary artery disease predicts major 
cardiovascular events at one year: Results 
from a prospective multicenter study. 
Atherosclerosis, 2017, 262:25-30. DOI: 
10.1016/j.atherosclerosis.2017.04.019.

11. Drakopoulou M, Konstantinos 
Toutouzas, Georgios Benetos, Tolis E, 
Andreas Synetos, George Latsios, Tsiamis 
E, Grassos H, Elias Siores, Stefanadis 
CH. The role of  microwave radiometry 
in carotid artery disease. Diagnostic 
and clinical prospective. Current opinion 
in pharmacology, 2018, 39:99-104. DOI: 
10.1016/j.coph.2018.02.008.

12. George Pentazos, Katerina Laskari, 
Kleanthis Prekas, John Raftakis, Petros 
P Sfikakis, Elias Siores. Microwave 
radiometry-derived thermal changes 
of  small joints as additional potential 
biomarker in rheumatoid arthritis: a 
prospective pilot study. J. of  Clinical 
Rheumatology, 2018, 24(5):259-263. DOI: 
10.1097/RHU.0000000000000719.

13. Yuri Ivanov, Andrey F. Kozlov, Rafael 
A. Galiullin, Vadim Y. Tatur, Vadim 
S. Ziborov, Nina D. Ivanova, Tatyana 
O. Pleshakova, Sergey G. Vesnin, Igor 
Goryanin. Use of  microwave radiometry 
to monitor thermal denaturation of  
albumin. Frontiers in physiology, 2018, 9:956. 
DOI: 10.3389/fphys.2018.00956.

14. Konstantinos Toutouzas, Andreas 
Synetos, Charalampia Nikolaou, 

MEDICAL PHYSICS THE IMPROVED ALGORITHM FOR HUMAN BODY INTERNAL TEMPERATURE 
CALCULATING BY MULTI-FREQUENCY RADIOTHERMOGRAPHY METHOD



86

No. 1 | Vol. 14 | 2022 | RENSIT: Radioelectronics. Nanosystems. Information technologies

Konstantinos Stathogiannis, Eleftherios 
Tsiamis, Christodoulos Stefanadis. 
Microwave radiometry: a new non-
invasive method for the detection of  
vulnerable plaque. Cardiovascular diagnosis 
and therapy, 2012, 2(4):290-297. DOI: 
10.3978/j.issn.2223-3652.2012.10.09.

15. Paul R. Stauffer, Dario B. Rodriques, Sara 
Salahi, Erdem Topsakal, Tiago R. Oliveira, 
Aniruddh Prakash, Fabio D'Isidoro, 
Douglas Reudink, Brent W. Snow, Paolo F. 
Maccarini. Stable microwave radiometry 
system for long term monitoring of  
deep tissue temperature. Energy-based 
Treatment of  Tissue and Assessment 
VII. International Society for Optics and 
Photonics, 2013, 8584:85840R. DOI: 
10.1117/12.2003976.

16. Parisa Momenroodaki; William Haines; 
Michael Fromandi; Zoya Popovic. 
Noninvasive Internal Body Temperature 
Tracking With Near-Field Microwave 
Radiometry. IEEE Transactions on 
Microwave Theory and Techniques, 2017, 
66(5):2535-2545. DOI: 10.1109/
TMTT.2017.2776952.

17. Sugiura T, Hirata H, Hand JW, Van 
Leeuwen JMJ and Mizushina S. Five-
band microwave radiometer system 
for noninvasive brain temperature 
measurement in newborn babies: 
Phantom experiment and confidence 
interval. Radio Sci., 2011, 46:RS0F08, 
DOI: 10.1029/2011RS004736.

MEDICAL PHYSICSEVGENY P. NOVICHIKHIN, ALEXANDER G GUDKOV, IGOR A. SIDOROV, 
VITALY YU LEUSHIN, SVETLANA V. AGASIEVA, SERGEY V CHIZHIKOV



87

RENSIT: Radioelectronics. Nanosystems. Information technologies | 2022 | Vol. 14 | No. 1

DOI: 10.17725/rensit.2022.14.087

Thermal Waves and Flow Features of  Pulsed Thermally Stimulated 
Biochemical Reactions in Viral Particles Interaction with Cells
Alla A. Kornilova, Sergey N. Gaydamaka, Marina A. Gladchenko
Lomonosov Moscow State University, http://www.phys.msu.ru/
Moscow 119991, Russian Federation
E-mail: prtnart@mail.ru, s.gaidamaka@gmail.com, gladmarina@yandex.ru
Dmitry Ya. Agasarov, Igor V. Kornilov, Maxim A. Gerasimov
AVSystems Inc., http://a-v-systems.com/
Stamford, CT 06903, USA
E-mail: welcome@a-v-systems.com
Received December 25, 2021, peer-reviewed January 20, 2022, accepted January 27, 2022
Abstract: This review considers the features of  excitation, propagation over a long distance, 
and the action of  non-dissipative high-frequency temperature waves in relation to their 
influence on the efficiency of  the system for remote recognition of  critical cells by viruses. 
It is shown that the action of  such waves leads to screening of  critical cells due to a change 
in their surface atomic and molecular structure, which leads to a significant change in the 
dispersion and other electromagnetic characteristics of  these cells. This leads to a very 
strong weakening of  the efficiency of  the system of  remote recognition of  such cells by 
viruses, which corresponds to the effective "passive" self-defense of  the body and blocking 
the activity of  viruses. It is also shown that the effect of  such temperature waves can be 
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1. INTRODUCTION
The wide spread of  the new coronavirus 
infection has shown the vulnerability of  the 
human immune system, and a significant 
increase in the use of  antibiotics and 
disinfectants has already led to the formation of  
pathogenic microorganisms resistant to their 
action, which indirectly strengthens viruses. 
Therefore, the development of  a new method 
for the prevention and treatment of  infectious 
diseases is currently extremely relevant.
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It has long been known that stressful 
effects on the body provoke the activation 
of  a number of  protective processes for 
its survival. Therefore, the authors of  the 
work set themselves the task of  studying 
the potential of  an active method of  self-
defense against viral infections, the result of  
which is not only a decrease in the activity 
of  the virus, but also the possibility of  its 
destruction through the use of  a new type of  
physical impact on the body.

2. THERMAL CONDITION 
EQUATION AND ITS SOLUTIONS 
FOR A SYSTEM WITH MEMORY
The traditional idea of  the laws of  
thermodynamics is based on a reasonable 
assumption about the purely diffusion 
(incoherent and irreversible) nature of  the 
propagation of  thermal excitations. The 
same representations usually refer to the 
features of  "ordinary" thermal (temperature) 
waves, the propagation process of  which is 
described by the "standard" heat conduction 
equations, the derivation and interpretation 
of  which is contained in any textbook on 
mathematical physics.

The mathematical description of  these 
processes is based on the joint use of  two 
basic equations – the Fourier law for a non-
stationary heat flux ( )q r,t  :

( ) ( ).v
T r,tc divq r,t

t
ρ ∂

=
∂



   (1).

and the continuity equation (in fact, the law 
of  conservation of  energy for a local area), 
which, in the absence of  distributed heat 
sources in the environment with bulk density 
ρ and heat capacity cv, has the form:

( ) ( ).v
T r,tc divq r,t

t
ρ ∂

=
∂



   (2)

From these two equations follows 
the classical parabolic thermal diffusivity 
equation for the spatiotemporal change in 
the temperature field:

( ) { [ ( )]}.v
T r,tc div grad T r,t

t
ρ λ∂

=
∂



  (3)
The solution of  this equation in a 

homogeneous environment in the one-
dimensional case

2

2

( ) ( ) ,  = /v v
T x,t T x,tc G G c

t x
ρ λ ρ∂ ∂

=
∂ ∂

 (4)

 corresponds to temperature waves
( - ) ( ) ,kx i t kx kx i t kxT Ae e Be eω ω− += +  (5)

in which the damping coefficient is equal to 
the wave number. It follows from this result 
that such waves decay very quickly in space at 
a distance equal to several wavelengths.

Here / 2k Gω=  is the attenuation 
coefficient, / vG cλ ρ=  is the coefficient of  
thermal diffusivity.

A more detailed analysis [1-3] shows 
that such a “standard” way of  analyzing 
non-stationary heat transfer processes in an 
approximate and implicit way is based on 
two important assumptions – the principle 
of  locality and the principle of  local 
thermodynamic equilibrium.

The first of  these principles makes 
it possible to pass from the energy 
conservation equation in the integral form 
to the energy conservation equation in 
the differential (local) form. The second 
principle assumes (without sufficient 
justification) that the considered spatial 
non-equilibrium system can be represented 
as a set of  small locally equilibrium 
subsystems sequentially located in space. 
In fact, when deriving these equations, it 
was assumed that with a small size of  these 
subsystems, each of  them will always have 
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an equilibrium distribution of  particles 
corresponding to the same temperature. 
This is an erroneous assumption, since 
the process of  establishing equilibrium 
is determined not by the size of  the 
subsystem, but by the probability of  elastic 
scattering and the number of  collisions 
of  particles (molecules, atoms) included 
in this subsystem, which should lead 
to the establishment of  an equilibrium 
distribution.

If  we consider that about 10 
collisions should occur to establish such 
a distribution, then the minimum size of  
the region of  such relaxation should be 
several times greater than the mean free 
path of  the particle <l >. Based on such 
circumstances, it is obvious that the size 
of  such subsystems cannot be arbitrarily 
small, and to establish such an equilibrium, 
a finite (not equal to zero) relaxation time 
is necessary.

In an explicit form, this circumstance 
manifests itself  in the structure of  relation 
(2), which can be interpreted from the point 
of  view of  simultaneous (simultaneous) 
changes in the thermal energy flux ( )q r,t   in 
each subsystem and changes in the locally 
homogeneous temperature within the 
same subsystem. It is obvious that the last 
assumption is valid only for sufficiently 
slow processes, when the relaxation 
time of  each of  these subsystems to the 
equilibrium state   is significantly less 
than the characteristic time of  a particular 
process that determines the characteristics 
of  the thermal field (in particular, the 
duration of  the thermal front for pulsed 
or period for periodic heat excitation 
processes).

In real physical systems, these 
requirements may not be met under 
certain conditions, which can lead to a very 
significant modification of  both the initial 
equations and the conclusions following 
from them.

In our works [1-6], we first considered 
the influence of  a finite (non-zero) local 
relaxation time on the nature of  the spatial 
and temporal evolution of  a thermal field 
(more specifically, thermal waves) and 
predicted the existence of  undamped 
temperature waves. Such waves, under 
certain conditions, can propagate without 
dissipation and spatial attenuation in 
material media with a small but finite time 
of  local temperature relaxation τ (the time 
of  establishment of  local thermodynamic 
equilibrium or, as applied to a gas or plasma, 
the duration of  the “Maxwellization” 
process).

There are several mechanisms of  such 
"Maxwellization", depending on the state 
of  aggregation of  the substance (gas, 
liquid, solid medium), and its duration 
significantly depends on the parameters 
of  the system (density, temperature and 
atomic (molecular) composition).

In air, the duration of  the 
"maxwellization" 10 / ( )airnτ σ ν ν≈  process 
is determined by the average cross section 
of  elastic scattering, which, at the thermal 
velocity of  movement of  simple one- or 
diatomic gas molecules, is approximately 
equal to the geometric cross section of  
molecules 16( ) 2 10σ ν −≈ ⋅  cm-2, as well as 
the root-mean-square current velocity 

/kT mν ≈  of  nitrogen or oxygen 
molecules and the concentration of  these 
molecules nair.
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At normal pressure nair ≈ 3·1019 cm-3 and 
room temperature T = 300 K, the relaxation 
time is τ ≈ 10-8 sec. When the temperature 
changes, and especially the density and 
composition of  the air (for example, in the 
presence of  water vapor), the value can vary 
over a wide range (τ ≈ 10-7-10-8 sec).

Accounting for a finite relaxation time 
and using more logical and more accurate 
assumptions leads to a much more correct 
thermal diffusivity equation:

2( ) ( ),T r,t G T r,t
t

τ∂ ±
= ∇

∂



  (6)

which differs significantly from the "standard 
equation" (3). The solution of  this equation 
in the one-dimensional case corresponds to 
two counterpropagating waves
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the parameters of  which depend both on 
the frequency and on the local relaxation 
time τ.

Obviously, in the limiting case  , this 
solution coincides with the solution of  
the initial approximate thermal diffusivity 
equation (4).

The absorption coefficient for thermal 
waves defined by equation (6) is equal to:

cos( / 2) sin( / 2) ,  / 2 .k t t k = Gδ ω ω ω= −  (8)

It follows from this formula, that under 
this condition

( 1/ 2) / , 0,1, 2,...n n nω π τ= + =   (9)

such waves have a form:
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and will propagate in space without 
attenuation. In air, the minimum frequency 
of  such an undamped wave depends on 
temperature, humidity, and air pressure and, 
under normal parameters, is equal to:

0 75...85 .MHzω ≈  (10)
In our experiments [1–6], we generated 

such waves due to the formation on the 
surface of  a closed chamber, inside which 
water cavitation occurred, of  very short 
thermal pulses, the Fourier spectrum of  
which contains components at allowed 
frequencies (9). In these experiments, we 
reliably recorded heat waves with this 
and higher allowed frequencies at several 
meters (this distance was limited only by 
the size of  the laboratory). The structure 
of  the recorded thermal wave and the 
spectrum of  these waves are shown in 
Fig. 1.
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Fig. 1. Spatial structure and spectrum of  undamped 
thermal waves generated by water cavitation and recorded 

at a distance of  2 meters.



91

RENSIT: Radioelectronics. Nanosystems. Information technologies | 2022 | Vol. 14 | No. 1

For comparison, we point out that the 
size of  the attenuation region of  thermal 
waves of  this frequency, if  they are 
considered based on the solution of  the 
"standard" theory (4) with the attenuation 
coefficient / 2k Gω= , does not exceed 
several microns.

3. INFLUENCE OF THERMAL 
WAVES ON BIOLOGICAL OBJECT
Let us consider the features of  the influence 
of  such waves on biological objects.

First of  all, let us recall the basis of  
standard ideas about the role and influence 
of  heat on the vital processes of  living 
organisms.

It is well known that heat and the heat-
stimulated biochemical (as well as directly 
related physiological processes) associated 
with it form the basis of  the kinetics of  
biochemical reactions that determine most 
of  the features of  the vital activity of  all 
micro- and macroorganisms.

The main patterns of  direct or indirect 
effects of  temperature on such objects are 
associated with a very significant effect 
both on the rate of  metabolic processes 
and on regular (deterministic) and random 
(non-deterministic) processes for the 
synthesis of  simple and complex organic 
molecules, such as, for example, the 
breakdown of  proteins into amino acids or 
DNA replication with the possible random 
formation of  tautomeric compounds that 
violate the pattern of  formation of  AT 
and GC nucleotide pairs.

According to the laws of  equilibrium 
thermodynamics, an increase in 
temperature leads to a rapid increase 
in the rate of  reactions. Based on the 
fundamental laws of  physics, this effect 

is associated with the need to overcome 
the reaction threshold, which is usually 
due to the presence of  a sufficiently high 
intermolecular or interatomic potential 
barrier. At the same time, a significant 
difference between purely chemical and 
biochemical reactions is that in a living 
organism, chemical processes occur, as a 
rule, with the participation of  complex 
enzyme systems that locally lower this 
threshold, the activity of  which, in turn, 
also depends on temperature.

These features are considered in detail in 
our works [7,8] as applied to controlled DNA 
self-repair after a double-strand break of  the 
double helix.

For any biological system, there is an area 
of  optimal temperature, a departure from 
which (increase) leads either to the death 
of  the organism due to the disintegration 
of  enzymatic reactions, or (if  it is lowered) 
to inhibition of  metabolic processes up to 
a complete stop of  these processes. The 
same ideas fully apply to the cell cycle, which 
includes a deterministic sequence of  events 
from the formation of  a daughter cell in 
the process of  division of  the mother cell 
to its fundamental transformation through 
stages corresponding to the mode of  cell 
activity with a change in acidity and ATP 
concentration, to the onset of  mitosis and 
its subsequent division into two daughter 
cells.

The envelope of  some types of  viruses, 
as a rule, consists of  fragments of  the 
cytoplasmic membranes of  the host cell, 
but also contains viral transmembrane 
proteins and glycoproteins. Such shells 
are called supercapsids, since in addition 
to the inner protein shell (or, in fact, the 
capsid) surrounding the DNA or RNA of  
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the virus, they contain an outer lipoprotein 
shell. The viral envelope is used to 
facilitate entry of  the virus into the host 
cell. Glycoproteins on the surface of  the 
envelope serve to identify and bind the 
virus to a specific cellular receptor on the 
cell membrane. Later, the viral envelope 
fuses with the host membrane, allowing 
the capsid and viral genome to enter and 
infect the host cell.

Viral particles of  the SARS-CoV-2 
coronavirus also form supercapsids and 
carry glycoproteins on the surface of  their 
envelope. These proteins are referred 
to as S-proteins or S-glycoproteins 
(Spike-glycoproteins). S-proteins form 
homotrimers and, thus, form rather 
large protein complexes, which are called 
peplomers or spikes. Each S protein 
consists of  two functionally distinct 
regions: S1 interacts with a receptor on the 
cell surface, and S2 triggers the fusion of  
the viral envelope with the cell membrane. 
Surface proteins are highly glycosylated as 
a result of  the reaction of  a non-enzymatic 
compound of  glucose with amino groups 
of  the protein, which helps the virus to 
hide from the body's defense systems.

Infection is initiated by binding of  
the virus to ACE2 receptors on the cell 
surface, followed by fusion of  the virus 
and cell membranes to release the viral 
genome into the cell. After binding to 
the membrane, the S protein is post-
translationally cleaved, in this case by furin. 
It is assumed that activation of  the fusion 
after binding to the receptor involves the 
exposure of  the second proteolytic site 
(S2'), the cleavage of  which is necessary 
for the release of  the fusion peptide 

providing the formation of  the endosome, 
which includes the virus.

Obviously, the success of  the 
subsequent evolution of  the virus depends 
on the properties of  the membrane of  the 
cell it attacks, such as its elasticity. In other 
words, the more difficult it is to deform 
the membrane during virus penetration, 
the less likely it is that the virus will be 
able to infect the cell.

This complex process is influenced by 
several key factors:
• geometrical parameters of  proteins and 

peptides that realize the fusion (their 
spatial arrangement determines how 
these proteins will interact with the 
membrane);

• acidity of  the environment, affecting the 
structure of  proteins;

• the presence of  large molecular 
complexes (rafts) in the volume of  the 
lipid membrane, moving relatively freely 
along the semi-liquid cell membrane, 
violating its integrity, and thereby 
helping the virus to penetrate the cell.
It is important that the role of  rafts in 

penetration has long been proven by the 
example of  the human immunodeficiency 
virus. In addition to it, a similar mechanism 
is used by hepatitis viruses, Ebola, 
influenza, etc.

In this sense, the relevance of  the 
problem under consideration can hardly 
be overestimated - if  we know in detail 
how the virus merges with the cell, we 
can find a means to prevent penetration. 
Of  course, the developed model describes 
the whole process in theory, but it will tell 
experimenters what to focus on in studies 
of  the interaction of  viruses and cells.
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For example, when a cell is attacked by 
a virus, to which it is enough to say: “Open 
Sesame!”, then the lipid envelope of  the 
virus merges with the plasma membrane. 
In this case, the so-called fusion pore 
is formed, and viral RNA begins to be 
realized inside the cell.

Heat is the basis of  the kinetics of  
chemical reactions that make up the 
vital activity of  an organism. Therefore, 
temperature conditions turn out to be 
one of  the most important environmental 
factors affecting the intensity of  
metabolic processes. Temperature is one 
of  the permanent factors; its quantitative 
expression is characterized by wide 
geographic, seasonal and daily differences.

Temperature variability entails 
corresponding changes in the rate of  
exchange reactions. Since the dynamics of  
the body temperature of  poikilothermic 
organisms is determined by changes in 
the temperature of  the environment, the 
intensity of  metabolism is also directly 
dependent on the external temperature. The 
rate of  oxygen consumption, particularly 
during rapid changes in temperature, 
follows these changes, increasing as it 
rises and decreasing as it falls. The same 
circumstances apply to other physiological 
functions: heart rate, digestion intensity, 
etc. In plants, depending on temperature, 
the rate of  water and nutrients intake 
through the roots changes: an increase in 
temperature to a certain limit increases the 
permeability of  the protoplast to water. It 
has been shown that when the temperature 
drops from 20 to 0°C, the absorption of  
water by plant roots decreases by 60–70%. 
As in animals, an increase in temperature 
causes an increase in respiration in plants.

The most general pattern of  the effect 
of  temperature on living organisms is 
expressed by its effect on the rate of  
metabolic processes. According to the 
van't Hoff  rule common to all chemical 
reactions, an increase in temperature 
leads to a rapid (linear or faster (up to 
exponential)) increase in the reaction 
rate. The difference lies in the fact that 
in a living organism, chemical processes 
always take place with the participation of  
complex enzyme systems, the activity of  
which, in turn, depends on temperature. 
As a result of  enzymatic catalysis, the rate 
of  biochemical reactions increases and 
its dependence on external temperature 
changes quantitatively.

The magnitude of  the temperature 
acceleration of  chemical reactions is 
conveniently expressed by the coefficient Q10, 
which shows how many times the reaction 
rate increases with an increase in temperature 
by 10°C:

010 10
/ ,TT C

Q K K
+

=  (11)
where KT is the reaction rate at temperature 
T.

The coefficient of  thermal acceleration 
Q10, which is equal to 2 for most chemical 
reactions of  an abiotic nature, in the 
reactions of  living systems varies over a 
wide range even for the same processes 
occurring in different temperature ranges. 
This is because the rate of  enzymatic 
reactions is not a linear function of  
temperature.

So, in tropical plants at temperatures 
below 10°C, the Q10 coefficient is 
approximately equal to 3, but it decreases 
significantly with increasing temperature 
above 25÷30°C. In the Colorado potato 
beetle, oxygen consumption in the range 
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of  10÷30°C is characterized by Q10 = 2.46, 
and at a temperature of  20÷30°C Q10 = 
1.8. The dependence of  the metabolism 
of  fish and many other aquatic animals 
on temperature is expressed in a change 
in the Q10 value from 10.9 to 2.2 in the 
temperature range from 0 to 30°C.

In the same organism, the magnitude 
of  the thermal acceleration of  biochemical 
reactions is not the same for different 
processes.

These general patterns are associated with 
the specifics of  temperature processes. The 
very concept of  temperature, based on its 
classical definition, characterizes the root-
mean-square velocity of  particles (molecules, 
atoms, ions) and automatically assumes 
that this value corresponds to a completely 
equilibrium state of  a particular micro- or 
macrosystem, consisting of  a very large 
number of  particles.

The formation of  such an equilibrium 
state requires a large (relative to the time 
scale characterizing local interparticle 
interactions or local quantum processes) 
time necessary for multiple interactions of  
the particles of  this system with each other. 
This circumstance was taken into account 
when creating classical thermodynamics 
due to the fact that it actually considers only 
such processes that correspond to slowly 
changing (compared to the time of  this 
relaxation) thermal fields or waves. Because 
of  this fundamental reason, the equations 
(1)-(4) of  classical thermodynamics are 
fundamentally unsuitable for describing 
fast thermal processes, the characteristic 
change time of  which is comparable to 
or less than the relaxation time. Such 
processes, in particular, correspond to the 

process of  penetration of  the viral capsid 
with the genome into the cell.

The situation with the action of  high-
frequency temperature waves is fundamentally 
different from the standard slowly changing 
temperature field. This is due to the fact that 
very fast heating and the same fast cooling 
periodically occur in the zone of  action of  
such waves. In the heating phase, the particle 
or molecular complex gains more energy and 
can very effectively overcome the potential 
barrier, which subsequently provides a 
significantly different force field near the 
surface.

The possible influence of  temperature 
waves on the process of  interaction of  viral 
particles with cells can be as follows.

The mechanism of  remote identification 
of  a host cell by a virus is realized due to 
the mechanism of  recognition of  this cell 
by glycoproteins located on its surface (a 
specific mechanism is associated with the 
remote interaction of  these glycoproteins 
with cell receptors located on the host cell 
membrane).

The remote recognition process can be 
disrupted if  there is a significant modification 
of  the surface of  the virus or the surface 
of  the cell that the virus attacks. This 
modification of  the surface takes place under 
the successive action of  very short thermal 
field pulses. The fundamental difference 
between such high-frequency heating, which 
is combined with the same high-frequency 
cooling at each period of  the temperature 
wave, does not lead to the destruction or 
destruction of  viruses and cells, but leads to 
a very significant change in the dispersion 
characteristics of  these objects, which leads 
to suppression of  the remote recognition 
mechanism.

MEDICAL PHYSICS
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Therefore, one of  the potentially 
effective methods of  blocking the activity 
of  viruses consists in high-frequency 
periodic heating and cooling of  either 
viruses or cells that may be the target of  
these viruses. This heating:
• stimulates the passage of  molecules and 

ions dissolved in the liquid until direct 
contact with the capsid or cell surface 
and its irreversible shielding, as well as 
a significant change in their dielectric 
constant, which leads to the disabling 
of  the remote identification of  the host 
cell by the virus and, accordingly, the 
mechanism of  remote recognition;

• does not adversely affect the environment 
and the functioning of  cells in a living 
organism.
In this case, we have the phenomenon 

of  deactivation of  the remote recognition 
mechanism by the virus and the phenomenon 
of  cell screening without disturbing the 
normal functioning of  the organism.

High-frequency temperature waves, along 
with other methods of  influence, make it 
possible to implement such a scenario. The 
action of  such intermittent pulsed heating 
changes the properties of  the liquid for a 
short time, which leads to a change in the 
balance of  forces near the surface of  the virus 
and potentially leads to a short-term decrease 
(or even elimination) of  the potential barrier. 
For the surrounding molecules and ions, this 
is a “window of  opportunity” and at these 
moments there is adhesion to the surface of  
the capsid and blocking it.

4. CONCLUSION
The considered mechanism qualitatively 
describes a possible "passive" method of  
protecting the host organism from the virus, 

which is associated with a decrease in the 
efficiency (deactivation) of  the long-range 
remote recognition system in the virus. In 
other words, in this case, a kind of  screening 
of  critical cells occurs due to a change in 
their surface structure, which leads to a 
corresponding change in the dispersion and 
other electromagnetic characteristics of  these 
cells and a kind of  deception of  the remote 
recognition system.

There is every reason to believe that 
under the action of  such temperature 
waves, another (“active”) method of  
protecting the body is also possible, which 
“reconfigures” the virus recognition 
system to extraneous (non-critical) cells or 
other macrocomplexes.

The essence of  such an “active” 
defense is that in the process of  changing 
the dispersion and other electromagnetic 
characteristics of  non-critical cells, 
they begin to be perceived by the virus 
recognition system precisely as those 
objects that need to be attacked. This is a 
"false" goal method, the result of  which is:
• switching the interest of  the virus to these 

false objects;
• the possibility of  destroying the virus if  

the result of  the attack of  the decoy is the 
mutual destruction of  the decoy and the 
virus due to apoptosis.
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ANATOLY V. KOZAR
(to 75th anniversary of  birth)
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On January 11, 2022 turned 75 years old of  Anatoly 
Viktorovich Kozar, Doctor of  Physical and 
Mathematical Sciences, Professor of  the Department 
of  Photonics and Microwave Physics, Faculty of  
Physics, Lomonosov Moscow State University, a full 
member of  the Russian Academy of  Natural Sciences, 
a well-known specialist in the field of  radiophysics, 
optics and condensed matter physics.

A.V. Kozar was born on January 11, 1947 in Moscow 
into a military family. In 1954 he went to school. Love 
for physics, mathematics, chess, sports, music from 
early childhood was instilled by his father. From the 
9th to the 11th grades, Kozar studied at a school with a 
physical “bias”, which was patronized by the Faculty of  
Physics of  Lomonosov Moscow State University, and 
schoolchildren underwent “internship” at the Faculty 
of  Physics, and after graduation, everyone received 
the qualification “laboratory physicist”. In 1965, after 
graduating from high school, Anatoly Viktorovich 
entered the Faculty of  Physics of  Lomonosov Moscow 
State University. From the 1st year, Kozar was enrolled 
in the central section of  MSU in gymnastics (he 
completed the standard of  a master of  sports by the 
10th grade) and, at the same time, was selected for the 
musical group of  Sergei Nikitin, actively participated 
in amateur art activities of  the faculty. During his 
studies at the faculty, in addition to the usual work 
for students of  that time in construction teams, A.V. 
Kozar participated in geophysical expeditions.

In the 3rd year, Anatoly Viktorovich was assigned 
to the Chear of  Radiophysics (then Radio Engineering) 
and ended up in the scientific group of  Associate 
Professor A.I. Kostienko to the direct supervision of  

Yu.A. Pirogov, then an assistant. Kozar was invited 
to experimentally study the phenomenon of  cross-
modulation from the infrared to the microwave 
range during the interaction of  these radiations with 
semiconductors. After the first experimental attempts to 
obtain the effect, it became clear that without a detailed 
theoretical study of  all physical mechanisms that cause 
this phenomenon and finding the optimal combination 
of  structural and wave parameters of  semiconductor 
materials, one cannot count on a positive result. So, 
in addition to microwave electrodynamics, optics and 
mathematical methods for solving inverse problems, 
he had to study in depth the physics of  solids, in 
particular, semiconductors. The result of  this approach 
was not long in coming. And already in his diploma 
work, a number of  new theoretical, experimentally 
confirmed results were obtained.

In 1971, after graduating from the faculty, 
Anatoly Viktorovich was left to work at the Chear 
of  Radiophysics as a senior laboratory assistant. In 
1972, Kozar became a junior research fellow, in 1987 
a research fellow, in 1987 a senior lecturer, in 1991 an 
associate professor in the Chear of  Radiophysics, and 
in 2005 a professor in the Chear of  Radiophysics.

In 1987, Anatoly Viktorovich Kozar became the 
Deputy Dean of  the Physics Faculty for economic, 
administrative-financial work. From the very beginning 
of  the difficult period of  our higher education and 
science until 2017, Anatoly Viktorovich led this complex, 
responsible work. In the successful development of  
the faculty during this period, one cannot overestimate 
the contribution of  Anatoly Viktorovich. A.V. Kozar 
was a member of  the Academic Council of  the faculty 
(1987-2017), is a member of  the dissertation council 
of  MSU D 501.001.67 and MSU 01.08, a member 
of  the SAC and SEC, a member of  the Editorial and 
Publishing Council of  the Physics Faculty (1987-2017), 
member of  the editorial board of  the journal RENSIT.

It is surprising and admirable how, with such a 
colossal administrative burden, Anatoly Viktorovich 
managed to engage in pedagogical and scientific 
work. Throughout all the years of  work at the faculty, 
Anatoly Viktorovich Kozar, in addition to scientific and 
teaching work, constantly performed various public 
and administrative assignments: he was the secretary of  
the komsomol organization of  his chear, Department 
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of  Faculty, party organizer of  his chear, member of  
the party bureau of  the Department of  Radiophysics, 
head of  the chear laboratory, chairman of  various 
administrative commissions of  the faculty . Moreover, 
everyone who had the opportunity to interact with 
Anatoly Viktorovich notes his goodwill, sensitive 
attitude towards employees, calmness, desire to help in 
solving sometimes the most difficult task. In 1975, he 
defended Ph.D. thesis on the topic “Investigation of  
a photoresistive receiver with a microwave bias with 
waveguide inclusion of  a photosensitive element.” In 
1987, a doctoral dissertation was almost ready, but 
due to the new responsible administrative burden, its 
technical design had to be postponed indefinitely.

Anatoly Viktorovich pays great attention to teaching 
work. He graduated more than 40 diploma students, 
conducts practical classes with students, reads special 
lecture courses ("Waves in layered media", "Modern 
problems of  photonics and microwave physics"), accept 
entrance exams to the Faculty of  Physics and exams of  
the candidate minimum. Diploma students of  Anatoly 
Viktorovich took 1st places at faculty and all-Russian 
competitions of  diploma works. Many undergraduate 
and graduate students recall with gratitude his sensitive 
guidance.

The main scientific interests of  A.V. Kozar are in 
the field of  physics of  the processes of  propagation 
and interaction of  waves with inhomogeneous media. 
He is the author of  over 150 scientific publications in 
radiophysics, electronics, optics and medical physics. 
He participated in and supervised a number of  
research projects on government and special topics. 
In 1975-1982 participated in the work on cooperation 
between MSU and automobile plant ZIL on the 
development of  devices for non-contact temperature 
control during induction and laser heat treatment of  
parts in in-line industrial production. He theoretically 
predicted and experimentally studied the phenomenon 
of  complete absorption of  wave energy in spatially 
inhomogeneous media, the phenomenon of  laser 
stimulation of  nonstationary absorption of  microwave 
energy in semiconductors, the phenomenon of  
nonstationary reflection of  electromagnetic waves 
with varying amplitude and (or) phase from layered 
inhomogeneous media. A theory of  a new class of  
multilayer interference structures (π-structures) with 
unique invariant wave and structural properties has 
been developed. A.V. Kozar developed the theory 
of  equivalent wave representations for weakly and 
strongly spatially inhomogeneous media, discovered 

and determined the long-wave boundary for the 
existence of  interference phenomena in spatially 
inhomogeneous media. The results of  theoretical and 
experimental studies obtained by Kozar are widely used 
in practice: a number of  unparalleled instruments and 
devices have been created and introduced into various 
branches of  the domestic industry. He is the author of  
a number of  patents and inventions

In 2004, at the insistence of  colleagues and friends, 
Anatoly Viktorovich Kozar defended his doctoral 
thesis “Interference phenomena in layered structures 
and their application in problems of  signal reception 
and diagnostics of  inhomogeneous media.” In a review 
of  Kozar thesis Corresponding Member RAS D.I. 
Trubetskov wrote: “Not every dissertation autor can 
boast of  discovering a new physical phenomenon… 
...This is a rare work for today, in which theory and 
experiment, analytical and numerical methods are 
equally presented, in which constant striving to bring the 
results to practical applications and implementation”.

In 2006, for the series of  works “Nonlinear wave 
phenomena in layered structures, media with space-
time dispersion and their applications in photonics”, 
A.V. Kozar was awarded the M.V. Lomonosov Prize 
for scientific activity.

For many years of  fruitful scientific and pedagogical 
activity and a great contribution to the training of  highly 
qualified specialists, A.V. Kozar was awarded the medal 
of  the Order "For Merit to the Fatherland" II degree, 
the silver medal of  VDNKh of  the USSR, the medal 
"In memory of  the 850th anniversary of  Moscow", 
the jubilee breastplate sign “250 years of  Lomonosov 
Moscow State University”, badge and honorary title 
“Honorary Metrologist”, medal “For Valiant Labor”, 
anniversary medal “70 Years of  Victory in the Great 
Patriotic War of  1941-1945”, Prize of  the Ministry 
of  Higher Education of  the USSR, Certificate of  
Honor of  the Ministry of  Education of  the Russian 
Federation, marked with thanks from the Rector of  
Lomonosov MSU.

Friends, colleagues and students sincerely 
congratulate Anatoly Viktorovich on his jubilee and 
wish him good health and further creative success for 
the benefit of  the higher school, his native Physics 
Faculty and our Russian science.

The editorial board of  RENSIT journal of  the 
Department of  the Russian Academy of  Natural 
Sciences cordially joins these wishes.

Editorial board RENSIT journal
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On October 24, 2021, Vsevolod Mikhailovich Byakov 
passed away at the age of  90. He was a well-known 
expert in the radiation chemistry of  condensed 
matter, doctor of  physical and mathematical 
sciences, professor, scientific adviser of  the director 
of  the Alikhanov Institute for Theoretical and 
Experimental Physics.

Vsevolod Mikhailovich was born on February 
22, 1931, in the village of  Karagai, Perm region, in 
the family of  doctors. In 1939 his family moved to 
Ryazan, where he graduated from a school. In 1949 
he entered the Physical Faculty of  the Lomonosov 
Moscow State University. His diploma work was 
devoted to the study of  the origin of  high-energy 
cosmic rays. It was done at the Cosmic Ray Сhair 
(Matter Structure Division of  the Physical Faculty 
of  the MSU) under the guidance of  Prof. Yakov 
Petrovich Terletsky (whose books "Statistical 
Physics" and "Paradoxes of  Relativity" have been 
translated into many foreign languages).

After graduating from Moscow State University 
in 1954, from February 1, 1955, and until his last 
days he worked at the Institute of  Theoretical and 
Experimental Physics, Moscow. In 1955-1964 he 

developed theoretical models of  some processes in 
a homogeneous boiling nuclear reactor (movement 
and growth of  steam bubbles, spatial distribution 
of  steam-water mixture density under barbotage 
conditions, volumetric heat release in water by 
uranium fission products, radiation-chemical 
processes in a reactor core). The results of  these 
works are presented in 3 monographs and in his 
Ph.D. thesis "On the Theory of  Radiolysis of  
Water and Aqueous Solutions under the Influence 
of  Gamma-rays and Fast Electrons", which was 
successfully defended in 1964. Thanks to this work, 
he became deeply interested in radiation chemistry, 
it was of  great importance in water homogeneous 
reactors, where aqueous solutions of  nuclear fuel 
salts are used.

After that V.M. Byakov guided an investigation on 
radiation chemical synthesis of  important chemical 
compounds - ethylene and propylene glycols - from 
methanol and its aqueous solutions. This synthesis 
was carried out at the ITEP nuclear reactor in 1966-
1967 for the first time in the USSR. The obtained 
products have been successfully tested at civil 
and military enterprises. Based on these works, he 
proposed a method for suppressing the formation 
of  oxygen in a nuclear reactor with aqueous coolant 
by introducing small additives of  alcohols into 
it. This method is currently used in reactors in 
Germany and Japan. V.M. Byakov et al. proposed to 
use the depolarization parameters of  μ+-mesons in 
condensed media to determine the rate constants of  
chemical reactions of  hydrogen-like atoms (1964).

In 1973 he proposed a model describing 
positronium, muonium, and radiolytic hydrogen 
formation. He suggested that quasifree electron 
(arising in tracks of  ionizing particles before 
solvation) is the main precursor of  all these species. 
In 1985 he completed his work entitled "Physical 
and chemical processes in tracks of  ionizing 
particles in liquids", which he defended as his 
doctoral thesis (specialization: chemical physics, 
including physics of  combustion and explosion; 
1986). In 1992 Vsevolod Mikhailovich got the title 
of  Professor.

IN MEMORIAM
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At the end of  the 1970s, V.M. Byakov developed 
a new mechanism of  primary biological action of  
ionizing radiation. The main role in this mechanism is 
assigned not to effects produced by radiolytic radical 
products, but rather to local increases of  acidity 
in the intracellular medium along the trajectory of  
energized charged primary particles. The proposed 
mechanism describes an extremal behavior of  
relative biological effectiveness (RBE) of  ionizing 
radiation vs. linear energy transfer and an increase 
of  RBE at ultarelativistic energies.

In the 80's V.M. Byakov et al. developed the 
radiation-thermal mechanism of  the formation of  
natural energy resources on the Earth – coal and oil. 
His experiments and analysis of  several geological 
phenomena showed that the formation of  coal and 
oil is controlled not only by temperature but also 
by another important parameter – the intensity 
of  ionizing radiation from radioactive nuclides of  
uranium disseminated in sedimentary rocks. The 
obtained equation of  carbonization describes well 
the stages of  metamorphism of  coals and oil-
producing rocks and allows to estimate the maximum 
paleotemperature of  sedimentary rocks, their 
absolute age, as well as the threshold oil-formation 
temperature.

Vsevolod Mikhailovich's scientific interests 
over the last 20 years have been related to positron 
annihilation spectroscopy and radiobiology. Using 
positron spectroscopy data he has shown that aqueous 
solutions of  alcohols (containing up to 50% of  
alcohol) are not true solutions, but rather emulsions 
of  alcohol nanodroplets in water. He proposed 
a model of  the positronium atom in a condensed 
medium, which takes into account the internal energy 
of  e+e–-Coulombic attraction during Ps localization 
in a nanobubble. This model explained the existence 
of  the quasifree state of  Ps with a lifetime of  50-100 
ps, which was observed in GiPS AMOC experiments 
in liquid water and glycerol. His earlier prediction 
that the quasifree track electron (but not a hydrated 
one) is the precursor of  the positronium atom was 
also confirmed experimentally.

Vsevolod Mikhailovich is the author of  three 
books and more than 300 scientific papers. He 
gave lectures at many conferences on positron 
spectroscopy and radiation chemistry. His research 
has been awarded prizes and certificates of  merit. 
The first edition of  his textbook “Fundamentals of  

IN MEMORIAMIN MEMORY OF VSEVOLOD M. BYAKOV

Radiation Chemistry” was translated into Japanese 
in 2014.

In the last years of  his life, he was involved in 
teaching, giving lectures and seminars at Mendeleev 
Russian Chemical University, at the Chemistry 
Faculty of  Lomonosov Moscow State University, 
and the NRNU "MEPhI”.

Vsevolod Mikhailovich Byakov was a very 
kind, highly decent, and wise man. The bright and 
everlasting memory of  him will remain in our hearts.

Relatives, friends, colleagues,
and the Editorial Board RENSIT journal


